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A POLYNUCLEOTIDE COENZYME OF OXIDATIVE 
PHOSPHORYLATION * / 


By GIFFORD B. PINCHOT = 
(From the Department of Microbiology, Yale University, New Haven, Sinaia 


(Received for publication, April 16, 1957) 


The enzyme system in Alcaligenes faecalis which catalyzes the formation 
of ATP! linked to oxidation of DPNH has been fractionated into three 
components in this laboratory (1). The tentative identification of the 
heat-stable fraction as a polynucleotide has been made and briefly reported 
(2). This paper presents a detailed report of the work leading to the 
identification. 


Materials and Methods 


ATP, ADP, DPN, and DPNH were all products of the Sigma Chemical 
Company. RNase and DNase were obtained from the Worthington Bio- 
chemical Corporation. Hexokinase was prepared by the method of Berger 
et al. and was approximately 80 per cent pure (3). It was assayed by the 
method of Racker (4). Once recrystallized alcohol dehydrogenase was 
prepared as described by Racker (5). 

A. faecalis was grown and harvested, and crude extracts were prepared 
as previously described (1). The fractionation of the crude extract was 
carried out as outlined (1), except that centrifugation was carried out at 
100,000 X g for 30 minutes rather than at 25,000 X g for 1 hour. The 
sediment contains most of the DPNH oxidase; it is referred to as ‘“‘particu- 
late fraction.”” The supernatant solution loses its activity on heating 
and is therefore referred to as “heat-labile factor.”’” The heat-stable 
factor was made by heating crude A. faecalis in a boiling water bath fer 
6 minutes, after which it was chilled and centrifuged. The supernatant 
solution is referred to as “‘heat-stable factor.”” The concentration of this 
material was determined by light absorption at 260 my and is reported as 


* This work was supported by a grant from the National Science Foundation and 
by an equipment loan contract between the Office of Naval Research and Yale Uni- 
versity. The able technical assistance of Miss Gunilla Adner is gratefully ac- 
knowledged. | 

1 The usual abbreviations are used: ATP, ADP, and AMP for the tri-, di-, and 
monophosphates of adenosine, DPN and DPNH for oxidized and reduced diphos- 
phopyridine nucleotides, G-6-P for glucose 6-phosphate, TCA for trichloroacetic 
acid, RNA and DNA for ribonucleic acid and deoxyribonucleic acid, respectiveiy, 
and RNase and DNase for ribonuclease and deoxyribonuclease. 


1 


| 
| 


2 POLYNUCLEOTIDE COENZYME 


the amount of ADP which would give the same absorption at this wave 
length. 

The phosphorylation experiments were carried out as described previ- 
ously (1). DPNH was the substrate and either was added preformed or 
was made in the reaction vessel by added DPN, alcohol, and alcohol 
dehydrogenase. Phosphorylation was estimated as G-6-P accumulation. 
This was determined either with G-6-P dehydrogenase (6) after deproteini- 
zation with perchloric acid or with a-glycerophosphate dehydrogenase and 
triosephosphate isomerase (4) after deproteinization with TCA. 


EXPERIMENTAL 


Association of Heat-Stable Factor with Particles—The heat-stable factor 
used in previous experiments was prepared from crude extract. It seemed 
of interest to know whether or not this phosphorylation-stimulating 
material was associated with the particulate part of the extract. This was 
determined by subjecting 40 ml. of crude A. faecalis extract to centrifuga- 
tion at 100,000 K gfor1l hour. The bright red pellet at the bottom of the 
tube was taken up in 40 ml. of 0.01 m phosphate buffer at pH 7.2 and 
recentrifuged for 30 minutes. The washing procedure was then repeated, 
the precipitate was taken up in 4 ml. of buffer, heated for 6 minutes in a 
boiling water bath, cooled, and centrifuged at 25,000 X g, and the precipi- 
tate was discarded. The supernatant solution was found to possess the 
ability to stimulate phosphorylation during the oxidation of DPNH by 
the particulate DPNH oxidase in the presence of the heat-labile fraction, 
as shown in Table I. This experiment indicates that heat-stable factor 
is firmly bound on the particulate DPNH oxidase, as was suggested by the 
fact that the particulate portion of the extract formed after ammonium 
sulfate precipitation required careful washing in order to develop a require- 
ment for the heat-stable factor (1). 

Absorption Spectrum of Heat-Stable Factor —The spectrum of material 
prepared from particles was studied in a Beckman spectrophotometer. 
There is a peak at approximately 260 my and a minimum at about 230 mu. 
The ratios of absorption at 280:260 and 250:260 my were 0.50 and 0.895, 
respectively. No peaks were found above 300 muy, even when the concen- 
tration was increased 10-fold. These findings are compatible with the 
hypothesis that the heat-stable factor is a nucleotide. The possibility that 
the activity was contained in mononucleotides seemed unlikely, since 
prolonged dialysis did not decrease the phosphorylation effect although 
40 per cent of the absorption at 260 my was lost. 

Effect of Nucleic Acid Precipitants—The phosphorylation-stimulating 
activity of heat-stable factor could be recovered by precipitating with 
4 per cent TCA. The protocol of a typical experiment is as follows: 
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Heat-stable factor from crude extract was equal in absorption at 260 mu 
to a solution of ADP containing 5.18 wmoles per ml. 15 ml. of this material 
were precipitated by addition of TCA to a final concentration of 4 per cent 
in the cold, and the precipitate was removed by centrifugation, dissolved 
in dilute alkali, and made up to a total volume of approximately 2 ml. at 
pH 7.4. This solution was then dialyzed against 500 ml. of cold distilled 
water for 4.5 hours with stirring, with three changes of the water, and 
85 per cent of the original light-absorbing capacity at 260 my was recovered 
inside the dialysis sack. The results of a representative experiment with 
this material are shown in Table II. 


TABLE I 
Association of Heat-Stable Factor with Particles from A. faecalis Extracts 


umoles of G-6-P found 
Heat-stable fraction added 


DPN control | DPNH vessel | From DPNH 
ml. 


Each vessel contained the following: 0.5 ml. of glycylglycine buffer, pH 7.2, 25 
umoles of inorganic phosphate, 0.4 umole of ATP, 100 umoles of glucose, 43,000 units 
of hexokinase, and 7 X 10-* m (final concentration) magnesium chloride. The side 
arm contained 0.75 wmole of DPN and the center well 0.5 ml. of 40 per cent potassium 
hydroxide. For each experimental vessel which contained 100 uwmoles of alcohol in 
the side arm and 25,000 units of alcohol dehydrogenase in the main room, there was a 
control vessel in which these were omitted. 0.2 ml. of particulate fraction and 0.5 
ml. of heat-labile fraction were used per vessel. The contents of the side arm were 
tipped in after 8 minutes temperature equilibration, and the experiment was run for 
20 minutes at 26°. G-6-P determination was with G-6-P dehydrogenase. 


The activity of crude heat-stable factor could also be precipitated with 
ammonium sulfate, as shown in Table III. No further precipitation was 
achieved by raising the saturation above 55 per cent. It was also found 
that the activity of the heat-stable fraction could be recovered by pre- 
cipitating with 2 volumes of alcohol at pH 6.0, or slightly below, in the 
presence of 0.1 M magnesium chloride in the cold. An example of such 
an experiment is not given separately, since precipitation in this way is 
part of the method used to purify the heat-stable factor and will be shown 
in Table IV. These findings are consistent with the hypothesis that the 
activity of the heat-stable fraction resides in one or more polynucleotides. 

Resistance to RNase and DNase—If activity was dependent on intact 
RNA or DNA, treatment with ribonuclease and deoxyribonuclease should 
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destroy it, although, if activity was contained in smaller polynucleotides, 
this would not necessarily be the case. Treatment of the heat-stable factor 
with an excess of crystalline ribonuclease or deoxyribonuclease in 0.1 M 
phosphate buffer, pH 7.4, and 0.08 mM magnesium chloride for 0.5 hour at 


TABLE II 
Recovery of Heat-Stable Factor by Precipitation with Trichloroacetic Acid 
umoles of G-6-P found 
Heat-stable factor added 
DPN control | DPNH vessel | From DPNH 


Each vessel contained the same reagents shown in Table I, except that the ex- 
perimental and control vessels had 4 umoles of DPNH and DPN, respectively. All 
had 2ymoles of ATP. 0.2 ml. of particulate fraction containing 1580 DPNH oxidase 


units and 0.5 ml. of heat-labile factor containing 800 units were used per vessel. 
G-6-P was determined with a-glycerophosphate 


reaction was run for 15 minutes. 
dehydrogenase. 


* Micromoles of ADP to which absorption at 260 my is equivalent. 


TaBLeE III 
Recovery of Heat-Stable Factor by Precipitation with Ammonium Sulfate 


The 


umoles of G-6-P found 
Heat-stable factor added — 
DPN control | DPNH vessel | From DPNH 
2.97 3.47 0.50 
2.78 3.64 0.86 


The conditions were the same as those in Table II, except that the particulate 
fraction used contained 387 DPNH oxidase units and the heat-labile fraction 
350 units. 

* Micromoles of ADP to which absorption at 260 my is equivalent. 


37° did not destroy its phosphorylation effect. In fact, in the case of the 
factor treated with DNase, increased activity was observed. Subjecting 
the heat-stable factor to both enzymes at once also failed to destroy its 
activity, which was recovered by precipitation with magnesium and alcohol, 
as shown in the experiment described below. 19 ml. of heat-stable factor 
prepared from crude extract (each ml. of which was equivalent in absorp- 
tion to 6.32 umoles of ADP per ml.) were incubated at 37° for 2.5 hours 


Or 


at 
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with 2 mg. each of crystalline RNase and DNase and 2 ml. of 1 m phosphate 
buffer, pH 7.4, plus 1 ml. of 0.2 Mm magnesium chloride. A moderately 
heavy precipitate was centrifuged and discarded. The supernatant solu- 
tion was made 0.1 mM with respect to magnesium chloride, and the pH was 
adjusted to 6.0 by the addition of acetate buffer, pH 5.4. 2 volumes of 
cold 95 per cent alcohol were added, and the mixture was allowed to 
stand in the cold overnight. The precipitate was centrifuged, taken up 
in water, and dialyzed with stirring for 5.5 hours, after which some cloudi- 
ness was removed by centrifugation. The supernatant solution had an 
absorption at 260 my equivalent to 2.48 umoles of ADP per ml., and the 
280: 260 ratio was 0.494. Approximately 21 per cent of the original light- 


TABLE IV 


Recovery of Heat-Stable Factor after Treatment with RNase 
and DNase and Precipitation with Alcohol 


umoles of G-6-P found 
Heat-stable factor added 


DPN control | DPNH vessel From DPNH 


Enzyme-treated, 1.24*...................... 0.53 1.21 0.68 

0.67 1.07 0.40 


The reagents were the same in this experiment as those in Table I. The frac- 
tionation of crude A. faecalis extracts was carried out by precipitating with 44 per 
cent followed by 35 per cent ammonium sulfate. The particulate fraction was re- 
covered from suspension in phosphate buffer by centrifuging three times instead of 
twice. It contained 3570 DPNH oxidase units, and the heat-labile fraction con- 
tained 587 units. The reaction was run for 10 minutes. 

* Micromoles of ADP to which absorption at 260 my is equivalent. 


absorbing capacity at 260 my was recovered. The ability to stimulate 
phosphorylation was also recovered, as shown in Table IV. The absorp- 
tion spectrum of a similarly purified heat-stable factor is shown in Fig. 1. 
There is a peak at 257 to 258 my and a minimum at 228 mu. 

Destruction by Acid and Alkali—It is well known that polynucleotides 
are hydrolyzed by dilute acid and alkali. If the effect of heat-stable factor 
on phosphorylation is dependent on a polynucleotide, incubation with acid 
or alkali should destroy it. This was tested in the following way: A sample 
of heat-stable factor treated with RNase and DNase and which had an 
absorption equivalent to 7.0 umoles of ADP per ml., was incubated with 
a final concentration of 1 N hydrochloric acid for 20 minutes at 100°. A 
control sample was incubated at the same temperature without added 
acid. The acid-hydrolyzed sample after neutralization was completely 
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inactive, while the unincubated and the control samples retained their 
activity. Incubation with 0.3 N potassium hydroxide at 37° for 15 hours 
was equally effective in destroying the activity of the heat-stable factor. 
Identification of Purines and Pyrimidines—The purine and pyrimidine 
bases in the polynucleotides were identified by paper chromatography. A 
sample of the acid-hydrolyzed heat-stable factor described above was 
spotted on Whatman No. 1 filter paper so that the spot contained the 
hydrolysis products of polymer equivalent in light absorption to 0.13 umole 
of ADP. An equivalent amount of similarly hydrolyzed yeast RNA was 
run as a control, as were adenine, guanine, thymine, and uracil. The two 
solvents used were butanol-ammonia and isopropanol-HCl (7). The 
chromatograms were run for 16 hours at room temperature, the butanol- 
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Fic. 1. Absorption spectrum of purified heat-stable factor 


ammonia by ascending and the isopropanol-HCl by descending develop- 
ment. The dried papers were examined with ultraviolet light. Hydro- 
lyzed heat-stable factor produced two spots on the butanol-ammonia 
chromatogram with R, values of 0.22 and 0.06, which correspond to R»r 
values of 0.24 and 0.06 of the known adenine and guanine. These purines 
in the yeast RNA hydrolysate had R, values of 0.22 and 0.06, respectively. 
On the isopropanol-HCl chromatogram there were two equally dense 
spots identified again as adenine and guanine. One of these was fluorescent 
and had an R, of 0.16. This checked well with the fluorescent spot of 
authentic guanine which had an R, of 0.15. The other dense spot, adenine, 
had an Ry, of 0.21, while the known adenine value was 0.22. Two less 
dense spots had FR, values of 0.39 and 0.64, corresponding to the cytidylic 
and uridylic acid spots of the hydrolyzed RNA with values of 0.42 and 
0.65. Elutions of the mononucleotide spots from this chromatogram were 
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made with 0.10 N HCl, and the ultraviolet absorption of each was found to 
check reasonably well with known values. 

Chromatography of Heat-Stable Factor—These experiments show that the 
heat-stable factor is closely associated with, if not identical to, a polynu- 
cleotide of the RNA type, although it is not destroyed by RNase, at least 
under our experimental conditions. The possibility still remained that the 
active compound was not a polynucleotide, but some other contaminating 
compound that remained in the polynucleotide fraction during precipitation 
and dialysis and that was also destroyed by dilute acid and alkali. Two ap- 
proaches were used to investigate this possibility. One was to recover the 
polynucleotide after chromatography and test its activity. This was 
done by chromatographing heat-stable factor made from particles which 
had been treated with RNase and DNase and recovered by alcohol pre- 


TABLE V 
Effect of Synthetic AMP Polynucleotide on Oxidative Phosphorylation 


| umoles of G-6-P found 


Heat-stable factor added 
DPN control DPNH vessel | From DPNH 


Synthetic polynucleotide, 1.07*............. 2.94 3.82 0.88 


The conditions were the same as those in Table II, except that the reaction was 
run for 15 minutes. The particulate fraction used contained 383 DPNH oxidase 
units, and the heat-labile factor contained 500 units. 

* Micromoles of ADP to which absorption at 260 mu is equivalent. 


cipitation. Ascending paper chromatography by using isoamy] alcohol 
layered over 2 per cent disodium phosphate (8) produced a single ultra- 
violet-absorbing spot with an Ry of 0.77. This material was eluted with 
water and then dialyzed for 4 hours to remove color which came from the 
paper. In a single experiment this material was active in stimulating 
oxidative phosphorylation. Other experiments with polynucleotide re- 
covered from chromatograms will be reported in the third paper of this 
series. 

Effect of Synthetic Polynucleotides—The other approach to this problem 
was to test known polynucleotides for activity in this reaction. These ex- 
periments were only partially successful with the method used here. 
One sample of a polynucleotide made from ADP by the enzyme poly- 
nucleotide phosphorylase (9) kindly given to us by Dr. Grunberg-Manago 
gave clear-cut positive results, as shown in Table V. Experiments with 
other samples which were believed to be of higher molecular weight gave 
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negative or low results. Several experiments were tried with polynucleo- 
tides made from ADP by polynucleotide phosphorylase in A. faecalis 
extracts, but these experiments were not more consistent than those in 
which polymers supplied by Dr. Grunberg-Manago were employed. 

Some of these failures may have been caused by the high molecular 
weight of all but the first samples. More important, perhaps, is the 
probable destruction of large amounts of the AMP polymers during the 8 
minute temperature equilibration period used in these experiments before 
adding DPNH. In the presence of polynucleotide phosphorylase, myo- 
kinase, hexokinase, and ATPase, large amounts of the polynucleotide would 
be destroyed. In the case of the naturally occurring polynucleotide, one 
would expect the reaction to come to a stop since the products of depoly- 
merization would not be removed by myokinase as they would in the case 
of the AMP polymer. In any case, the positive results lend strong sup- 
port to the hypothesis that the active compound in the heat-stable factor 
is a polynucleotide of the RNA type. 


DISCUSSION 


These experiments indicate that a polynucieotide, or some other com- 
pound which follows it in chromatography, precipitation, and inactivation, 
is required for phosphorylation linked to the oxidation of DPNH in A. 
faecalis extracts. This factor is not destroyed by RNase and DNase acting 
together. Identification of the hydrolysis products indicates that the 
polynucleotide present is of the RNA type. 

One obvious criticism of this work is that the level of phosphorylation 
is low. The P:O ratios are generaliy in the order of 0.1 to 0.3. This is 
particularly unfortunate in the experiments in which preformed DPNH is 
used to drive the reaction, because to get the best phosphorylation it was 
necessary to use larger amounts of ATP. (The reasons for this have not 
been investigated, but the optimal DPNH:ATP ratio was found to be 2.) 
This has the result that the increment in G-6-P due to DPNH is only a 
small fraction of the blank. While the experiments reported were all 
repeated several times, except as noted, these small amounts of phosphoryla- 
tion are a distinct disadvantage. In order to overcome this trouble, a 
new method of measuring phosphorylation has been developed and is 
described in the following paper. 


SUMMARY 
A rolynucleotide of the ribonucleic acid type has been found associated 


with the particulate diphosphopyridine nucleotide oxidase of Alcaligenes — 
faecalis. This material, or something that was not separated from it by | 


dialysis, various precipitations, and chromatography, stimulated phos- 
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phorylation linked to the oxidation of reduced diphosphopyridine nucleo- 
tide by this particulate enzyme in the presence of heat-labile factor. The 
phosphorylating activity of this material was destroyed, along with the 
polynucleotide, by incubation with acid or base. A single clearly positive 
result was achieved by using a synthetic polynucleotide made from aden- 
osine diphosphate. It seems highly probable that the natural polynucleo- 
tide represents a new coenzyme of oxidative phosphorylation. 


NO 
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A RAPID METHOD FOR MEASURING PHOSPHORYLATION 
COUPLED TO THE OXIDATION OF REDUCED 
DIPHOSPHOPYRIDINE NUCLEOTIDE* 


By GIFFORD B. PINCHOTT 
(From the Department of Microbiology, Yale University, New Haven, Connecticut) 


(Received for publication, April 16, 1957) 


The previous work on oxidative phosphorylation in extracts of Alcaligenes 
jaecalis (1-3) was done by measuring oxygen consumption manometrically 
and by determining phosphorylation in deproteinized extracts either by 
inorganic phosphate disappearance or, more frequently, by G-6-P! ac- 
cumulation. This method was slow and had the added disadvantage of 
using large amounts of reagents. The P:O ratios found with it were low, 
ranging from 0.1 to 0.3. A quicker method giving ratios more nearly 
approaching the capability of the system has been worked out. It is 
similar to that reported by Pullman and Racker (4) in that ATP formed 
by oxidative phosphorylation is measured continuously by using it to 
produce TPNH as shown in the following series of reactions: 


A. faecalis extracts 


(1) DPNH + H* + ADP + Pi + 40, > DPN* + ATP + H.O 


++ 
(2) + + ADP + 


G-6-P dehydrogenase 


(3) G-6-P + TPN* >» TPNH + H* + 6-PGA 


The TPNH is measured by light absorption at 340 my in a Beckman DU 
spectrophotometer. The method differs from that of Pullman and Racker 
in that an oxygen electrode is not required. 

The A. faecalis extracts couple phosphorylation to the oxidation of 
exogenous DPNH, which is used as a substrate in this test. If one assumes 
that all DPNH disappearance is by oxidation, then the rate ci DPNH 
disappearance can be used as a measure of oxidation. DPNH disappear- 
ance is measured in a control cell which lacks TPN or some other reagent 
necessary for the formation of TPNH. In a second cell, containing the 


* This work was supported by a grant from the National Science Foundation and 
by an equipment loan contract between the Office of Naval Research and Yale Uni- 
versity. The able technical assistance of Miss Bette DelGiorno is gratefully ac- 
knowledged. 

t Special Research Fellow of the United States Public Health Service. 

1 The following abbreviations, in addition to those listed in the preceding paper, 
are used: TPN and TPNH for oxidized and reduced triphosphopyridine nucleotides, 
6-PGA for 6-phosphogluconic acid, DNP for 2,4-dinitrophenol, and Pi for inorganic 
phosphate. 
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complete system, DPNH is oxidized as before, and, in addition, TPNH 
appears in proportion to the ATP formed, if the test and assumptions are 
valid. The difference between the two cells is a measure of phosphoryla- 
tion. Thus the complication of measuring oxygen consumption by the 
manometric or oxygen electrode method is avoided. Relatively small 
amounts of enzymes and reagents are required, and, because of the rapidity 
of the method, many experiments can be done in a day. It becomes 
possible, therefore, to compare the activity of various samples of heat- 
stable factor with each other by using the same DPNH oxidase and heat- 
labile factor in the tests. The purpose of this report is to demonstrate the 
validity of this test. 


Materials and Methods 


The materials and methods are the same as those in the preceding paper 
- (3) with the changes and additions listed below. The A. faecalis extracts 
were precipitated successively at 50 per cent and 40 per cent saturated 
ammonium sulfate; otherwise the preparation of the bacterial fractions is 
according to the method previously described. G-6-P dehydrogenase was 
freed of 6-PGA dehydrogenase by repeated precipitation with acetate 
buffer (5). This was done to avoid formation of more than 1 TPNH 
molecule per molecule of ATP formed by oxidative phosphorylation. 
Phosphate determinations were by the method of Lohmann and Jendras- 
sik (6). The P:O ratios are calculated as micromoles of TPNH accumu- 
lation per micromole of DPNH disappearance. 


EXPERIMENTAL 


Spectrophotometric Test—An example of the test procedure as used in 
measuring the requirement for heat-stable factor in oxidative phosphoryla- 
tion is given below. Three 1 ml. cuvettes were used. The first contained 
the complete system including heat-stable factor, in the second vessel the 
only omission was heat-stable factor, while in the third or control vessel 
heat-stable factor was present, but TPN, hexokinase, and G-6-P dehydro- 
genase were omitted. A series of control readings was made at 340 mu, 
generally for 3 minutes. Following this, an equal and carefully measured 
amount of DPNH was added to each vessel, and readings were again made 
at 1 minute intervals. The last reading in the control series is added to 
the known absorption of the DPNH used to give the “‘initial’’ reading. 
The validity of this calculation will be shown in Table II. The change in 
reading from the initial reading is then calculated for each cuvette at each 
minute and recorded as A. The difference in change between the experi- 
mental vessels and the control is assumed to be the result of TPNH ac- 
cumulation and is reported as A TPNH. That this assumption is valid 
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will be shown below. Of immediate interest was the finding that heat- 
stable factor had no effect on the rate of DPNH oxidation by the other 
bacterial fractions. This was determined in a separate experiment lack- 


TABLE I 
Spectrophotometric Test for Phosphorylation Coupled to DPNH Oxidation 


Each cuvette contained in a final volume of 1 ml. the following: 50 uwmoles of 
glycylglycine buffer, pH 7.2, 5.0 umoles of inorganic phosphate, 6 wmoles of magne- 
sium chloride, 25 wmoles of glucose, and 0.05 umole of ADP, 0.05 ml. of particulate 
fraction, and 0.15 ml. of heat-labile fraction in addition to the other reagents shown 
below. The heat-stable factor was made from particles and was treated with RNase 
and DNase and recovered by alcohol precipitation (2). The density readings at 
340 mu are reported. A is the total change from the initial reading. A TPNH is 
the difference in change from the control change. 


Cuvette 1 Cuvette 2 Cuvette 3 
TPN, 0.20 + + ~ 
umole 
G-6-P dehydro- + + = 
genase, 0.123 
unit 
Hexokinase, + + 
97,000 units 
Heat-stable fac- + 
tor, 0.36° 
Preliminary readings before DPNH addition 
Control reading 0.350 0.362 0.252 
DPNH addition ) 1.700 1.700 1.700 
Initial reading 2.050 2.062 1.952 
(calculated) 
Readings after DPNH addition 
Min. Reading A 4 TPNH | Reading A 4 TPNH | Reading A 


1 1.880 | 0.170 | 0.592 | 1.310 | 0.752 | 0.010 | 1.190 | 0.762 
2 1.310 | 0.740 | 0.414 | 0.875 | 1.187 |—0.033 | 0.798 | 1.154 
3 1.110 | 0.940 | 0.370 | 0.752 | 1.310 | 0.000 | 0.642 | 1.310 
4 0.696 | 1.354 | 0.174 | 0.590 | 1.472 | 0.056 | 0.424 | 1.528 


* Micromole of ADP to which absorption at 260 my is equivalent. 


ing the linkage to TPNH. Table I shows an example of the test. The 
decrease in optical density in the complete cuvette (No. 1) is much less 
than that in the cuvette lacking heat-stable factor (No. 2). Cuvette 2 and 
the control lacking hexokinase, G-6-P dehydrogenase, and TPN have al- 
most identical optical density changes. During the Ist minute 0.592 
optical density unit of presumed TPNH accumulated in Cuvette 1, and 
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0.762 unit of DPNH disappeared from the control, thus giving a P:O ratio 
of 0.78. This ratio would appear to be an improvement over the ratios 
found with the old method, since it is hard to believe that the true ratio 
can be less than one. 


TABLE II 
Spectrophotometric Test by Using Observed ‘‘Initial’’ Reading 


Each cuvette contained in addition to the reagents listed the following: 50 umoles 
of glycylglycine buffer, pH 7.2, 1 umole of inorganic phosphate, 0.06 umole of mag- 
nesium chloride, 25 wmoles of glucose, 0.05 umole of AMP, 0.08 ml. of particulate frac- 
tion containing 210 DPNH oxidase units and 0.10 ml. of heat-labile fraction con- 
taining 22 units. Heat-stable fraction, prepared as in Table I, equivalent to 0.41 
umole of ADP was added as indicated. Hexokinase and G-6-P dehydrogenase con- 
centrations as in Table I. The density readings at 340 my are reported. 


Cuvette 1 Cuvette 2 Cuvette 3 
TPN, 0.50 umole + + an 
Hexokinase + + 
G-6-P dehydrogenase + + - 
Heat-stable factor + = + 


Preliminary readings before DPNH addition 


- Control reading 0.395 0.321 0.334 
DPNH added - 1.593 1.593 1.593 
Calculated reading 1.988 1.914 1.927 
Observed reading 1.550 1.500 1.500 

Difference 0.438 0.414 0.427 


Readings at 30 sec. intervals after DPNH addition 


| 4S TPNH A TPNH 


Reading (Spserved) (calculated) | Reding pserved) | (calculated) | Reading 
0.5 1.230 , 0.080 0.069 | 1.100 | 0.000 0.013 | 1.100 
1 1.000 | 0.065 0.054 | 0.880 |—0.005 0.008 | 0.885 
1.5 0.900 | 0.112 0.101 | 0.734 —0.004 0.009 | 0.738 
2 0.790 | 0.140 0.129 | 0.632 | 0.032 0.045 | 0.600 
2.5 0.722 | 0.132 0.121 | 0.561 | 0.021 0.034 | 0.540 


The possibility that calculation of the initial optical density after ad- 
dition of DPNH might give erroneous results was ruled out by using smaller 
amounts of DPNH; thus the “initial’? value was read instead of being 
calculated. To do this it was necessary to complete all the readings on 
one cuvette before going on to the next. Great care was taken to allow 
the same time to elapse between addition of DPNH and the first reading. 
The results of such an experiment, shown in Table II, indicate that no 
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significant error is introduced by using the calculated “initial” reading 
rather than the observed one. The observed initial reading is less than the 
calculated by almost the same amount in all cases. This is in part because 
of the inevitable time lapse between the addition of DPNH and the first 
reading, during which DPNH is oxidized. The phosphorylation observed 
by the two methods agrees well, showing that the calculation for the 
initial value is valid. This method was used routinely, therefore, because 
of its simplicity. 

With this method of measuring phosphorylation, TPNH accumulation 
generally reaches a maximum during the Ist minute or so and then decreases. 
This is caused by a TPNH oxidase in the particulate fraction. ‘The same 
amount of this fraction used in Table I caused a drop in TPNH absorption 
at 340 my of 0.077 from an original reading of 0.465 during the Ist minute 
and a further drop of 0.043 during the 2nd minute. Since the amount of 
TPNH used here corresponds quite closely with the maximal accumulation 
found in Table I, this drop gives some idea of the error which might be 
expected. In any case, the error is in the direction of lowering the observed 
phosphorylation and P:O ratio. The rate of phosphorylation apparently 
also diminishes quickly after the Ist minute or so. However, by the time 
that TPNH starts to decrease, almost 70 per cent of the added DPNH is 
gone. ‘The decrease in phosphorylation may be the result, therefore, of 
the low DPNH concentration or of an unfavorable DPN: DPNH ratio. 

In order to investigate further the validity of this test, its reproducibility 
was investigated, the requirement for the various reactants was studied, 
and the disappearance of inorganic phosphate and the appearance of G-6-P 
were compared with TPNH accumulation. 

Reproducibility—Three determinations were done of the stimulation 
of phosphorylation caused by the same amount of heat-stable factor by 
using a control cell lacking heat-stable factor only. The phosphorylation 
figures found in these three determinations were 0.683, 0.083, and 0.085 
umole. 

Requirements of Test—Dependence on TPN was studied by comparing a 
cuvette lacking only TPN as a control with one lacking TPN, hexokinase, 
and G-6-P dehydrogenase. The control cuvettes previously had all three 
reagents omitted, partly as a matter of economy. ‘The results from such 
an experiment are shown in Table III, from which it can be seen that the 
dependence on TPN is completely within the error of the method. 

There is also a requirement for mononucleotide which can be satisfied by 
either ADP or AMP. Table IV illustrates an experiment showing almost 
total dependence of phosphorylation on added AMP. The requirement for 
added mononucleotide is not always absolute, as might be expected from 
the presence of the enzyme polynucleotide phosphorylase in the heat-labile 
fraction which liberates ADP during the preliminary readings. In other 
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experiments in which the preliminary readings were made over a longer 
period of time, the omission of mononucleotide caused approximately a 
50 per cent reduction in phosphorylation. 

Omission of G-6-P dehydrogenase alone caused only a 13 per cent 
decrease in phosphorylation, and similar omission of hexokinase caused a 
21 per cent decrease. Leaving out both enzymes together eliminated all 
phosphorylation. The results with single enzyme omissions are to be 


TaBLeE III 
TPN Requirement in Spectrophotometric Test for Oxidative Phosphorylation 
The reagents were the same as those in Table II, except that 0.10 ml. each of par- 
ticulate and heat-labile factors containing 153 and 25 DPNH oxidase units, respec- 
tively, was used. Each cuvette contained purified heat-stable factor equivalent to 
0.42 upmole of ADP. 


G-6-P dehydrogenase © 


Cuvette 1 | Cuvette 2 Cuvette 3 
TPN, 0.05 umole + | 
Hexokinase + + _ 
+ | + - 
* Preliminary readings before DPNH addition 


| 
Control reading 0.503 0.453 | 0.438 
DPNH addition 2.080 | 2.080 ae 
Initial reading 2.583 | 2.533 2.518 


Readings after DPNH addition 


Min. Reading 4 a TPNH | Reading A | 4 TPNH Reading yay 

1 > 2.000 | 1.600 | 0.933 | —0.015 | 1.600 | 0.918 
2 1.600 0.983 0.735 0.815 1.718 | 0.000 0.800 | 1.718 
3 0.890 1.693 0.290 0.570 | 1.963 | 0.020 | 0.535 | 1.983 


expected, since the G-6-P dehydrogenase used contained hexokinase and, 
presumably, the hexokinase contained some dehydrogenase. 

If the spectrophotometric test is a valid one, it must also depend on the 
addition of inorganic phosphate. This could not be tested with the frac- 
tionated bacterial enzyme system, since the particulate and heat-labile 
fractions were suspended in 0.01 mM phosphate buffer. The crude bacterial 
extracts are relatively free of phosphate, however, and could be used to test 
for phosphate dependence, as shown in Table V. From this it can be 
seen that omitting the phosphate from the system reduced the phosphoryl- 
ation and P:O ratio to approximately 25 per cent of the values found in the 
presence of added phosphate. It is to be expected that some inorganic 
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phosphate occurs as a contaminant of the crude extract and reagents used 
in the test. The low level of phosphorylation found in the vessels without 
added phosphate is presumably due to this endogenous phosphate. 
Comparison with Pi Uptake and G-6-P Formation—In further experiments 
it was shown that inorganic phosphate disappeared while TPNH accumu- 
lated and that, in the absence of TPN and G-6-P dehydrogenase, G-6-P 
accumulated in amounts corresponding closely to the TPNH found in an 
analogous cuvette containing the complete system. The comparison 


TABLE IV 
Mononucleotide Requirement in Spectrophotometric Test for Oxidative Phosphorylation 


The reagents were the same as those in Table III, except as indicated below. 
Each cuvette contained 0.15 ml. of particulate fraction and 0.10 ml. of heat-labile 
fraction containing, respectively, 230 and 25 DPNH oxidase units. 


Cuvette 1 Cuvette 2 Cuvette 3 
AMP, 0.05 umole + 
PN,0.50 + + - 
Hexokinase + + am 
G-6-P dehydrogenase | + + om 


Preliminary readings before DPNH addition 


Control reading 0.491 | 0.491 0.453 
DPNH addition | 2.080 2.080 2.080 
Initial reading | 2.571 2.571 2.533 


Readings after DPNH addition 


Min. Reading A |ATPNH| Reading} | ATPNH | Reading) 


1.950 0.621 | 0.312 | 1.610 | 0.961 | —0.028 | 1.600 | 0.933 
1.250 1.321 | 0.152 | 1.100 | 1.471 0.002 | 1.060 | 1.473 
0.840 | 1.731 0.122 | 0.730 | 1.841 0.012 | 0.680 | 1.853 


with Pi uptake is shown in Table VI. A control cuvette containing DPN 
instead of DPNH was run in this experiment to rule out the possibility 
that TPNH accumulation might be linked to some other reaction than 
the oxidation of DPNH, as well as to serve as a control for the phosphate 
uptake. There is more inorganic phosphate uptake than TPNH accumu- 
lation, as one would expect from the presence of TPNH oxidase in the 
bacterial extract. The large size of the discrepancy is probably due to the 
length of time this test was run after DPNH addition. The peak of TPNH 
accumulation generally occurs in the 2nd or 3rd minute; hence prolonged 
action of TPNH oxidase is avoided. In this case, however, TPNH was 
still increasing 7 minutes after DPNH addition, when the reaction was 
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stopped. This allowed the TPNH oxidase to act over a period of 7 minutes 
instead of the normal 2 or 3 minutes. 

The G-6-P formation experiment was set up as shown in Table VII. 
Four readings were made at | minute intervals after DPNH addition, by 
which time the TPNH in the experimental vessel had begun to decline. 


TABLE V 
Phosphate Dependence of Spectrophotometric Test for Oxidative Phosphorylation 


Kach cuvette contained in a final volume of 1 ml. the reagents listed as well as the 
following: 50 uymoles of glycylglycine buffer, pH 7.2, 6 umoles of magnesium chloride, 
25 umoles of glucose, 0.05 umole of AMP, and 0.20 ml. of crude bacterial extract con- 
taining 140 DPNH oxidase units. Hexokinase and G-6-P dehydrogenase concen- 
tration were as in Table I. 


| 

Cuvette 1* | Cuvette 2 Cuvette 3t | Cuvette 4 
Phosphate, 0.50 umole + + | 
TPN, 0.20 wmole + | + 
Hexokinase | | | + | 
G-6-P dehydrogenase | + _ + i 


Preliminary readings before DPNH addition 


Control reading | 0.462 0.415 0.540 0.486 
DPNH addition | 2.500 2.500 2.500 2.500 
Initial reading | 2.962 2.915 3. 2.986 


Readings after DPNH addition 


Min. Reading | A TPNH | Reading | Reading | A TPNH | Reading 
1 >2.000 1.800 >2.000 >2.000 
2 1.840 0.493 1.300 >2.000 2.000 
3 1.450 0.491 0.912 1.700 0.116 1.530 
4 1.140 0.433 0.660 1.300 0.126 1.120 
5 0.898 0.291 0.560 0.990 0.1 0.830 


* For Cuvette 1, maximal P:O ratio = 0.31. 
t For Cuvette 3, maximal P:O ratio = 0.08. 


The reaction was stopped at 4 minutes by adding 0.5 ml. of 10 per cent 
TCA, and the sediment was centrifuged and discarded. In order to 
avoid inhibition of the enzymes used to determine G-6-P, most of the 
TCA was removed by two ether extractions.2. The residual ether was 
removed with a stream of air, following which the extract was neutralized 
and determinations of G-6-P were made. G-6-P dehydrogenase was 
strongly inhibited, presumably by traces of remaining TCA, and the a- 


2M. R. Bovarnick, personal communication. 
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glycerophosphate dehydrogenase was somewhat inhibited, as indicated by 
a greatly increased time required to come to completion. The latter 


TABLE VI 
Comparison of Inorganic Phosphate Uptake with Spectrophotometric Test 


Kach cuvette contained in a total volume of 1 ml. the following: 50 wmoles of gly- 
cylglycine buffer, pH 7.2, 0.25 umole of inorganic phosphate, 6 umoles of magnesium 
chloride, 25 wymoles of glucose, 0.05 umole of AMP, 97,000 units of hexokinase, and 
0.20 ml. of a crude bacterial extract containing 147 DPNH oxidase units as well as 
the reagents indicated below. Readings were taken for 7 minutes after DPNH ad- 
dition until which time TPNH had been increasing. The reaction was stopped 
with TCA. TPNH accumulation is controlled by Cuvette 2 and inorganic phos- 
phate uptake by Cuvette 3. 


Cuvette 1 Cuvette 2 Cuvette 3 
0.20 umole + + 
6-P dehydrogenase, 0.123 unit + _ + 
0.40 zmole + + 
DPN, 0.40 + 
umole pmole pmole 
Maximal TPNH accumulation... .. 0.038 None None 
Total inorganic phosphate......... 0.249 0.263 0.322 
Inorganic phosphate uptake....... 0.073 0.059 None 
TaBLeE VII 


Comparison of G-6-P Accumulation with Spectrophotometric Test 


Each cuvette contained in a total volume of 1 ml. the reagents listed below and the 
following: 50 umoles of glycylglycine buffer, pH 7.2, 1.0 uzmole of inorganic phosphate, 
6umoles of magnesium chloride, 25 umoles of glucose, 0.05 umole of AMP, 97,000 units 
of hexokinase, and 0.20 ml. of a crude bacterial extract containing 732 DPNH oxi- 
dase units. The second cuvette served as a control for TPNH accumulation. 


Cuvette 1 Cuvette 2 Cuvette 3 

TPN, 0.20 umole + 
G-6-P 0.123 unit + 
DPNH, 0.46 umole + 
DPN, 0.46 + 

pmole pmole pmole 

Maximal TPNH accumulation..... 0.071 None None 
G-6-P = 0.003 0.064 


determination was used, however, as it showed less inhibition than the 
former. It can be seen that G-6-P is 90 per cent of what would be expected 
from the TPNH accumulation. This agreement is reasonably good, 
although it does not indicate that the test errs on the low side, as was 
indicated by the phosphate uptake figures. This may, however, still be 
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true, since there was some enzyme inhibition when G-6-P was determined. 
Another source of possible error in the G-6-P determination can be seen in 
Table VI, where it appears that more phosphorylation takes place when 
the high energy phosphate formed is used to form TPNH than when it 
goes only to G-6-P. From the phosphate figures this additional phos- 
phorylation is in the order of 25 per cent or more than enough to explain 
the discrepancy in the G-6-P and TPNH figures. 


PHOSPHORYLATION-«M 


POLYNUCLEOTIDE ADDED-EQUIVALENT ABSORPTION TO «cM ADP 


Fic. 1. Relation between heat-stable factor added and phosphorylation observed. 
Each vessel contained 50 wmoles of glycylglycine buffer, pH 7.2, 5 umoles of inorganic 
phosphate, 6 wzmoles of magnesium chloride, 25 ymoles of glucose, 0.05 umole of ADP, 
0.20 uymole of TPN, 97,000 units of hexokinase, 0.123 unit of G-6-P dehydrogenase, 
particulate fraction containing 96 units of DPNH oxidase, and heat-labile fraction 
containing 28 units. 


In any case, these results show that the spectrophotometric test is valid 
and that any error is probably on the side of underestimation of the true 
phosphorylation. This would fit with the known presence of TPNH 
oxidase in the bacterial extracts. The rigid exclusion of 6-PGA dehydro- 
genase from the G-6-P dehydrogenase would also make it reasonable 
to assume that there was no overestimation of phosphorylation. 

Quantitative Test for Heat-Stable Factor—-The spectrophotometric method 
has thus been shown to be a valid test for phosphorylation coupled to 
DPNH oxidation and also to be a qualitative test for the heat-stable factor. 
It also provides a quantitative test for this factor, as shown in Fig. 1. 
The heat-stable factor used in this experiment was made from crude 
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bacterial extract, treated with RNase and DNase and recovered by alcohol 
precipitation. Varying amounts were compared with a control vessel 
lacking this fraction only. There is a clearly linear relationship between 
the amount of phosphorylation observed and the amount of factor added 
until saturation is reached. 


DISCUSSION 


There are a number of reactions which might lead to erroneous results 
in measuring oxidative phosphorylation either by G-6-P accumulation or 
by the method of linking ATP formation to TPN reduction. First of all, 
glycolysis has been ruled out as a possible contributor to phosphorylation 
in these extracts, since neither G-6-P nor hexose diphosphate is metabolized 
in these extracts (1). In many of the experiments in which phosphoryla- 
tion was measured as G-6-P formation, a large amount of ATP was added, 
and the results could be explained if DPNH, but not DPN, had inhibited 
ATPase; hence the differences in G-6-P accumulation would have been the 
result of this inhibition rather than of new formation of ATP. This can 
be ruled out for three reasons. First, in experiments in which G-6-P accu- 
mulation is used as a measure of phosphorylation, there was a close agree- 
ment with inorganic phosphate uptake. The controls for phosphate 
uptake were vessels which were deproteinized immediately so that there 
was no time for ATPase action (1). Secondly, in the experiments with 
DPN, alcohol, and alcohol dehydrogenase, there was more G-6-P accumu- 
lation than could be produced by converting all the high energy phosphate 
of the added ATP to G-6-P. Finally, in the spectrophotometric test very 
small amounts of ADP or AMP were used; thus ATPase inhibition could 
not explain the results. | 

The spectrophotometric method might be criticized because of the 
possibility that TPNH was formed by means other than oxidative phos- 
phorylation. For instance, if a transhydrogenase was present, TPNH 
could be formed by exchange of hydrogen from DPNH to TPN. Similarly, 
DPNH, but not DPN, might be broken down to ATP by an enzyme simi- 
lar to Kornberg’s DPN pyrophosphorylase (7), although no pyrophosphate 
was added, and the enzyme described by him is more active in splitting 
DPN than DPNH. The experiments in which heat-stable factor is left 
out are controls for these non-oxidative pathways of phosphorylation. 
If TPNH were to be formed by non-oxidative pathways, it would appear 
here unless, as seems extremely unlikely, these pathways required the heat- 
stable factor as a coenzyme. The transhydrogenase hypothesis is also 
ruled out by the observed agreement of G-6-P and TPNH accumulation 
as well as the inorganic phosphate uptake. Finally, the DPNH pyro- 
phosphorylase hypothesis is ruled out by the inorganic phosphate uptake, 
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since this reaction requires pyrophosphate. In the following paper the 
phosphorylation reaction is shown to be uncoupled by 2 ,4-dinitrophenol 
which does not inhibit the pyrophosphorylase. The final evidence to 
rule out splitting of DPNH will be found in the next paper where it will be 
shown that DPN can be recovered from DPNH. 

The agreement between the results found with the method described 

here and that used previously lends further support to the validity of this 
work, since reactions which might cause an error with one procedure are 
excluded by the other. The conclusions reached with both methods 
are the same, namely, that heat-stable factor is required for the phosphory]- 
ation linked to DPNH oxidation in these bacterial extracts. 
_ There has been some criticism of the work with A. faecalis because of 
the low P:O ratios. With observed ratios approaching unity, it becomes 
of some interest to speculate concerning the true ratios in these extracts. 
A. faecalis extracts were examined by Dr. Britton Chance. Only one clear- 
cut cytochrome absorption band was found at room temperature, although 
the results suggested the possibility that another cytochrome and a flavo- 
protein might be present. These observations suggest less components in 
the electron transport chain and thus less sites for phosphorylation than 
are found in mitochondria. The low P:O ratio found in these extracts may, 
therefore, be close to the maximum of which the system is capable. Phos- 
phorylation coupled to a shorter electron transport chain may be easier to 
study and understand than the complex situation existing in mitochondria. 
Thus the low P:O ratios in A. faecalis may be an advantage rather than a 
disadvantage in studying the mechanisms of oxidative phosphorylation. 


SUMMARY 


A spectrophotometric test for oxidative phosphorylation in bacterial 
extracts is described. It depends on measuring the oxidation of reduced 
diphosphopyridine nucleotide by decrease in absorption at 340 my and 
simultaneously measuring the formation of adenosine triphosphate (ATP) 
coupled to this oxidation by linking ATP formation to reduction of tri- 
phosphopyridine nucleotide (TPN) with hexokinase and glucose-6 phos- 
phate (G-6-P) dehydrogenase. The test is dependent on the addition of 
a heat-stable factor found in the bacterial extracts, as well as adenosine 
monophosphate or adenosine diphosphate, inorganic phosphate, hexo- 
kinase, G-6-P dehydrogenase, and TPN. The results with this test sub- 
stantiate the findings with the conventional methods that the heat-stable 
factor is required for oxidative phosphorylation in these extracts. In- 
organic phosphate uptake and G-6-P accumulation determinations indicate 
that the test is valid by conventional standards. There is a linear rela- 


’B. Chance, personal communication. 
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tionship between the amount of heat-stable factor added and phosphoryla- 
tion observed. P:O ratios (micromoles of phosphorylation observed per 
micromole of DPNH disappearance) approaching 1.0 have been ob- 
served. Possible sources of error in the test have been investigated and 
discussed. 
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A POLYNUCLEOTIDE COENZYME OF OXIDATIVE 
PHOSPHORYLATION II* 


By GIFFORD B. PINCHOTT 
(From the Department of Microbiology, Yale University, New Haven, Connecticut) 


(Received for publication, April 16, 1957) 


In the first paper (1) of this series the tentative conclusion was reached 
that a polynucleotide of the RNA! type acts as a coenzyme of oxidative 
phosphorylation in extracts of the bacterium Alcaligenes faecalis. On the 
basis of the evidence presented in that paper, however, one could not rule 
out the possibility that a contaminant of the polynucleotide rather than 
the polymer itself was the active compound. Furthermore, it was theo- 
retically possible that, in the presence of DPNH, but not of DPN, the poly- 
nucleotide was phosphorylyzed to nucleoside diphosphates. The high en- 
ergy phosphate bonds thus made available might phosphorylate glucose 
and simulate oxidative phosphorylation. Finally, some investigators have 
felt that the reaction in A. faecalis might not be oxidative phosphorylation 
at all, either because of the low P:O ratios or because the enzyme system 
was “not uncoupled by DNP.” It should be made clear that we have 
never claimed that the reaction was unaffected by DNP, but only that it 
was not uncoupled by 7 X 107° m DNP (2). The work reported in this 
paper was undertaken to clarify these matters. Studies were made of the 
effects of synthetic polynucleotides on the reaction, of the chromatographic 
recovery of polynucleotide after the reaction was over, and of the effects 
of menadione and higher concentrations of DNP on the system. A pre- 
liminary communication on the work described in this and the preceding 
paper has been published (3). 


Materials and Methods 


The materials and methods used have been described in the second paper 
(4) of this series. The mononucleotides were products of the Sigma Chemi- 
cal Company, except for GDP and ADP which were obtained from the 
Pabst Laboratories. In most experiments crystallized bovine plasma 


* This work was supported by a grant from the National Science Foundation and 
by an equipment loan contract between the Office of Naval Research and Yale Uni- 
versity. The able technical assistance of Miss Bette DelGiorno is gratefully ac- 
knowledged. 
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' The following abbreviations, in addition to those listed in the preceding papers, 
are used: UMP and UDP for uridine mono- and diphosphates, CMP and CDP for 
the cytidine nucleotides, and GMP and GDP for the guanosine compounds. 
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albumin (Armour) was added to the particulate fraction in a final concen- 
tration of 0.25 per cent and stored overnight at 0°. The heat-labile frac- 
tion was frozen and stored overnight in the deep freeze. Protein determi- 
nations were made by the method of Warburg and Christian (5). 


EXPERIMENTAL 


Effect of Uncoupling Agents—By using the spectrophotometric method 
described in the preceding paper (4), the sensitivity of the system to 
1.8 X 10-*m DNP was studied. Up to 100 per cent inhibition of phos- 
phorylation was found in some experiments, while in others the uncoupling 


TABLE I 


Uncoupling of Oxidative Phosphorylation by 3.3 K 10°4*m DNP Determination of 
G-6-P Enzymatically after Deproteinization 


Each vessel contained 0.25 ml. of 0.5 mM glycylglycine buffer, pH 7.2, 25 wmoles of 
inorganic phosphate, 7 X 10-* mM magnesium chloride (final concentration), 100 umoles 
of glucose, 97,000 units of hexokinase, 1.0 wzmole of ATP, 0.2 ml. of particulate frac- 
tion which contained 570 DPNH oxidase units, 0.5 ml. of heat-labile factor which 
contained 140 units, 0.75 ml. of purified heat-stable factor equivalent to 2.78 wmoles 
of ADP per ml., and 4.0 umoles of DPN or DPNH as indicated. G-6-P is reported 
in micromoles. It was determined with G-6-P dehydrogenase after deproteinization 
with perchloric acid. 


umole of G-6-P formed 
DNP added 
In vessel with DPN In vessel with DPNH A 
0.716 0.986 +0.270 
0.716 0.790 +0.074 


was not complete, reaching only 50 to 60 per cent. The reasons for this 
are not yet clear and are currently being investigated. 

The DNP sensitivity seemed an important enough point to require 
checking by the method used previously when it was reported that 7 X 
10-° m DNP did not uncouple the reaction (2). This was accordingly 
done with the results shown in Table I, from which it can be seen that 
with this method 3.3 K 10-* m DNP caused a 73 per cent reduction in 
phosphorylation. It can safely be said, therefore, that the A. faecalis en- 
zyme system which couples phosphorylation to the oxidation of DPNH is 
sensitive to DNP, although at somewhat higher concentrations than are 
effective in animal mitochondria. 

Menadione has also been reported by Martius and Nitz-Litzow to un- 
couple phosphorylation in mitochondria (6) and was tried in the A. faecalis 
system with the spectrophotometric method. The total phosphoryla- 
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tion at two concentrations of heat-stable factor was read against a control 
without the heat-stable factor. The experimental cuvettes had heat- 
stable factor equivalent to 0.43 and 0.22 umole of ADP. ‘The total phos- 
phorylation without menadione was 0.141 umole, while in the presence of 
1 X 10-' Mm menadione the phosphorylation was 0.090 umole, a reduction 
of 36 per cent. In the presence of 1 X 10-4 mM menadione the phosphoryla- 
tion was 0.050 umole, a reduction of 65 per cent. Martius and Nitz- 
Litzow report 40 and 60 per cent inhibition of phosphorylation in mito- 
chondria with these concentrations. The results with A. faecalis show 
close agreement with the inhibition found in mitochondria. 

Recovery of Polynucleotide and DPN—TIn order to show that the poly- 
nucleotide acts as a coenzyme of oxidative phosphorylation it is necessary 
to show that it is not used up in the reaction. The recovery of DPN was 
also studied, since it was remotely possible that the TPNH accumulation 
in the spectrophotometric test might be the result of DPNH breakdown to 
ATP and conversion of this compound to TPNH, rather than the coupling 
of ATP formation to oxidation of DPNH. Studies of DPN and poly- 
nucleotide recovery after phosphorylation were made in the following way: 
A spectrophotometric test was set up in which there were two controls; 
the first lacked only heat-stable factor while the second was complete but 
had DPN added instead of DPNH. The control without heat-stable fac- 
tor was for DPN recovery, and the cuvette containing DPN instead of 
DPNH acted as a control for the heat-stable factor recovery. Maximal 
TPNH accumulation was reached within 4 minutes at which time the reac- 
tion was stopped by boiling. After chilling and removing denatured pro- 
tein by centrifugation, aliquots of the supernatant solution were spotted on 
washed Whatman No. 1 paper, and chromatograms were developed by as- 
cending chromatography with isoamyl alcohol layered over 2 per cent di- 
basic sodium phosphate (7) and phosphate-ammonium sulfate-propanol (8). 
After 18 hours at room temperature the papers were dried and examined 
with ultraviolet light. Appropriate spots were marked, cut out, and eluted 
with water, and their optical density was read in a Beckman DU spectro- 
photometer. In the calculations of the polynucleotide concentrations, 
polynucleotide was treated as if it were all ADP, no correction was made 
for polymerization, and the absorption coefficient of 14.2  10* was used 
at 260 mu. Since DPN and AMP were not separated by these techniques, 
the spots containing both were calculated as if they contained DPN only, 
since there was originally present seven times as much DPNH as AMP. 
An absorption coefficient of 18.0 * 10* was used at 259 my (8). 

The results of this experiment are shown in Table II. There is no evi- 
dence for loss of polynucleotide during phosphorylation; in fact, the re- 
verse seems to be more nearly the case. Similarly, there is no evidence for 
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TABLE II 


Recovery of Polynucleotide and DPN after Phosphorylation 
Associated with Oxidation of DPNH 


Kach cuvette contained, in a final volume of 1 ml., the reagents listed plus the 
following: 50 umoles of glycylglycine buffer, DH 7.2, 1 umole of inorganic phosphate, 
6 umoles of magnesium chloride, 25 wmoles of glucose, 0.05 umole of AMP, 0.5 umole 
of TPN, 37,500 units of hexokinase, 0.123 unit of G-6-P dehydrogenase, 0.08 ml. of 
particulate fraction containing 204 IDPNH oxidase units, 0.10 ml. of heat-labile frac- 
tion containing 77 units, and purified heat-stable factor as indicated equivalent to 
0.43 umole of ADP. 


Cuvette 1 Cuvette 2 Cuvette 3 
Heat-stable factor................ + + 
DPNH, 0.35 wmole............... + = 
TPNH accumulation, umole. ...... | 0.115 | None 0.005 


Isoamy! alcohol with dibasic sodium phosphate recovery* 


0.23 (dtp 0.75) 


Heat-stable factorf...... | 0. 
0. 0.22 ( ** 0.68) 


5 (Rp 0.70) 
| 7 


( 0.64) 


3 
2 0.30 (Rp 0.67) 


Phosphate-ammonium sulfate-propanol recoveryf 


Heat-stable factor........ 


0.42 (Rr 0.06) 
0.70 ( ** 0.21) 


0.36 0.06) 


0.61 (Rp 0.23) 0.60 ( ** 0.24) 


* Control Rp values, polynucleotide 0.73, DPN 0.64, AMP 0.68. 
t Micromoles of ADP giving equivalent absorption at 260 mu. 
t Control Rp values, polynucleotide 0.06, DPN 0.21, AMP 0.21, TPN 0.38. 


showing that DPNH is oxidized to DPN in this reaction rather than being 
split to ATP. 

Polynucleotide Nature of Coenzyme—Two approaches were used to in- 
vestigate the possibility that a contaminant rather than the polynucleotide 
itself was active in the phosphorylation reaction. The first was to subject 
the naturally occurring polynucleotide to chromatography to see if the ac- 
tivity could be separated from the polymer. The second was to assay the 
activity of synthetic polynucleotides made from purine and pyrimidine 
nucleotides with the enzyme polynucleotide phosphorylase (9-12). 


~ 


the breakdown of significant amounts of DPN. If this split of DPNH ex- — 
plains the phosphorylation, it must occur only in the presence of heat- 
stable factor. There is no significant difference in DPN recovery between | 
the cuvettes that contain heat-stable factor and those that do not. The | 
reason for the great absorption in the DPN region in the second chroma- — 
togram is not apparent, but in any event it does not affect the evidence — 
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The two chromatographic systems selected for this investigation were the 
isoamyl alcohol with dibasic sodium phosphate and the phosphate-ammo- 
nium sulfate-propanol systems, since, in the first system, the polynucleotide 
had a high Fy and, in the second, a very low one. <A sample of heat-stable 
factor made from particles was treated with RNase and DNase and re- 
covered by alcohol precipitation in the usual way. It contained poly- 
nucleotide equivalent in light absorption at 260 my to 4.25 umoles of ADP 
per ml. On each of two No. 1 Whatman papers, 0.01 ml. aliquots were 
pipetted on ten spots, and this was repeated ten times, totaling 1 ml. on 
each paper. They were then chromatographed by ascending chromatog- 
raphy at room temperature for 18 hours. On inspection with ultraviolet 
light after drying, the isoamyl alcohol paper had single spots with an Ry 
of approximately 0.69. The phosphate-ammonium sulfate-propanol chro- 
matogram had a very light spot with an Ry, of 0.64, slightly darker ones 
at 0.28, and dense spots at the origin which streaked up to a maximum of 
0.10 (Rr of 0.05). The latter spots were eluted with water, as were the 
single spots from the isoamyl alcohol chromatogram. ‘They were then 
dialyzed with stirring against distilled water for 2.25 hours. A total of 
approximately 1.5 umoles of the polymer (ADP equivalent) was recovered 
from the isoamyl alcohol and 1.4 umoles from the other chromatogram. 
The latter was somewhat more dilute; therefore, smaller amounts were 
used in the experiment. The stimulation of phosphorylation produced by 
these chromatographed polynucleotides is shown in Fig. 1 and is compared 
with that produced by heat-stable factor made from particles and without 
further purification. It can be seen that there is no loss of activity on 
chromatography, indicating that the polynucleotide, rather than a con- 
taminant, was active in phosphorylation. 

The most conclusive evidence for the polynucleotide nature of the heat- 
stable cofactor was provided by stimulation of phosphorylation by syn- 
thetic polynucleotides made from single mononucleotides with polynucleo- 
tide phosphorylase. The heat-labile fraction of A. faecalis was found to 
be a rich source of this enzyme. It is known not to contain appreciable 
amounts of the heat-stable factor, since in the spectrophotometric test used 
for determining this factor there is little or no phosphorylation in the ab- 
sence of added polynucleotide. Thus, the enzyme can be ruled out as a 
source of this factor. The unpolymerized mononucleotides were run as 
controls. In these experiments a short incubation with the enzyme was 
used to try to make small molecular weight polynucleotides, as it was felt 
that small polynucleotides might be more active than large ones. For 
similar reasons a short period of dialysis after precipitation with alcohol 
was used so as not to lose the smallest oligonucleotides. While this method 
did not free the recovered polynucleotide of mononucleotide, it was felt 
that this was not important, because mononucleotide was run as a control. 
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In calculating the concentration of recovered material, complete polymer- | 


ization was assumed. 


AMP polymers were tried first. A typical protocol is as follows: 42.7 | 
umoles of Pabst chromatographed ADP were incubated for 15 minutes at 
30° with 2 ml. of heat-labile fraction which contained 360 DPNH oxidase 


units and 6.25 mg. of protein per ml., 0.40 ml. of 1 m tris(hydroxymethy])- 


aminomethane buffer, pH 8.1, and 0.12 ml. of 0.2 M magnesium chloride in 


3 450- ; 

400- 

< 350- 

Z .300- 

x 

w .250- 

z 

«C2 00- 

1504 

x= UNPURIFIED. 

x 100- © = |ISOAMYL-DIBASIC 
x SODIUM-PHOSPHATE. 
0.50- = PHOSPHATE -AMM ONIUM 
SULFATE - PROPANOL. 
a. 


04 08 12 16 .20 .24 28 32 .36 40 
POLYNUCLEOTIDE-4 MOLES ADP EQUIVALENT 
Fic. 1. Comparison of phosphorylation by using chromatographed and unpuri- 
fied heat-stable factor. Each cuvette contained the reagents given in Table II, as 
well as 0.05 ml. of particulate fraction containing 104 DPNH oxidase units and 0.10 
ml. of heat-labile fraction containing 36 units. The amounts of polynucleotide are 
indicated above. The control cuvette for each experiment had only polynucleotide 


omitted. Maximal TPNH accumulation in the experimental vessel minus that 
found in the control is reported. 


a total volume of 5 ml. The reaction was stopped by boiling for 1 minute, 
the reaction mixture was chilled, and the denatured protein was removed 
by centrifugation. Magnesium chloride was then added to a concentra- 
tion of 0.1 M, and the pH was adjusted to 4.5 with 1 N hydrochloric acid. 
2 volumes of 95 per cent alcohol were added, and the mixture was allowed 
to stand in the cold for 30 minutes, following which the precipitate was 
centrifuged at 25,000 X g, taken up in 2 ml. of water, and made slightly 
alkaline with potassium hydroxide. This material was dialyzed with stir- 
ring for 1.5 hours against cold distilled water and centrifuged to remove 
some cloudiness. The polymer had an absorption at 260 mu equivalent to 
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94 umoles of ADP or, because of the 20 per cent reduction in absorption 


on polymerization,? contained 11.7 umoles of ADP in the polymerized state. 


Kae _ Adding 2 more volumes of alcohol to the supernatant solution from the first 
precipitation produced a further recovery of 5.9 umoles of “polymerized” 
v1) _ ADP, a total recovery of 41 per cent of the original mononucleotide. Ali- 
»jn  quots of both samples of AMP polymer were chromatographed by ascend- 


ing paper chromatography against isoamyl alcohol with dibasic sodium 
phosphate, and with phosphate-ammonium sulfate-propanol, and com- 
pared with a sample of particulate heat-stable factor treated with RNase, 
DNase, and alcohol precipitation. On the isoamy] alcohol chromatogram 
the synthetic polymer precipitated with 2 volumes of alcohol had a very 
small spot with an R, of 0.70 and a larger one at 0.80, the polynucleotide 
precipitated with 4 volumes had a single spot with an Ry of 0.81, as did 
the natural purified polymer. On the propanol-developed paper, the syn-. 
thetic material precipitated with 2 volumes of alcohol had a spot at the 
origin as well as a spot with an FR, of 0.30; that precipitated with 4 volumes 
had the spot with an R, of 0.30 only, and the natural polymer had a spot 
at the origin extending high enough to give an R, of 0.04, as well as a higher 
spot having an Ry of 0.23. The effects of these three samples of poly- 
nucleotides on oxidative phosphorylation are shown in Table III. In ex- 
periments with AMP polynucleotides it was found to be very important to 
keep the time of the preliminary readings before DPNH addition to a mini- 
mum. If this period was allowed to reach 3 or 4 minutes, the phosphoryla- 
tion with AMP polymer and that in the ADP control approached each 
other. This is undoubtedly due to the presence of polynucleotide phos- 
phorylase in the heat-labile fraction which produces an equilibrium mixture 
of ADP and AMP polymer no matter which compound was added at the 
start of the reaction. Also, G-6-P can be formed from AMP polymer, as 
shown in the following series of reactions: 


polynucleotide phosphorylase 


(1) AMP polymer + Pi = = ADP 
(2) 2ADP me AMP + ATP 
3 ++ 
(3) ATP + Mg”, G.6P + ADP 


Because of this series of reactions which produces G-6-P and hence TPNH 
from either AMP polymer or ADP, it is necessary to run a control contain- 
ing DPN instead of DPNH to measure the amount of phosphorylation 
produced by this means. This non-oxidative phosphorylation is therefore 
subtracted from the total phosphorylation to give the phosphorylation 
linked to DPNH oxidation. The DPN control was also run with natural 


2M. Grunberg-Manago and S. Ochoa, personal communication. 
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polynucleotide and with the other synthetics, although, with all but AMP 
polymer, the amount of non-oxidative phosphorylation was small. 

From Table III it can be seen that, in spite of the losses from depolymer- 
ization, the synthetic AMP polymer precipitated by 2 volumes of alcohol 
has 55 per cent of the activity in oxidative phosphorylation of a roughly 
equal amount of natural polymer. The ADP control has only 27 per cent 
of the activity of the polymerized material, and this activity is probably 


TABLE IIT 
Comparison of Effects of Natural Polynucleotide and Synthetic AMP Polymer 


Each cuvette contained, in a final volume of 1 ml., the same reagents listed in : 


Table II and the following: 0.08 ml. of particulate fraction containing 176 DPNH 
oxidase units and 0.10 ml. of heat-labile fraction containing 66 units. Each cuvette 
received either naturally occurring polynucleotide equivalent in absorption to 0.425 
umole of ADP or synthetic AMP polymer precipitated with 2 volumes of alcohol or 
4 volumes having the same absorption, or 0.51 wmole of non-polymerized ADP. The 
larger amount of ADP is to compensate for the loss of absorption on polymerization. 
Finally each cuvette received 0.4 umole of DPNH or DPN as indicated. 


Cuvette 1 | Cuvette 2 | Cuvette 3 (Oxidative phos- 
Polynucleotide 

DPNH DPNH DPN TPNH 
0.074 0.000 0.000 0.074 
Synthetic, 2 volumes alcohol............ 4 - + 
0.073 0.000 0.032 0.041 
Synthetic, 4 volumes alcohol............ + -- aa 
0.028 0.000 0.017 0.011 


caused by polymerization of ADP. The material precipitated with 4 vol- 
umes of alcohol is somewhat less active. 

Activity of Other Polynucleotides—It seemed of interest to find out if poly- 
mers made from other mononucleotide phosphates also had activity, and 
to this end samples of UDP, CDP, and GDP were polymerized in the same 
way as previously described for ADP by using another sample of heat- 
labile fraction containing 6.9 mg. of protein per ml. The polynucleotides 
were isolated by precipitation with 3 volumes of alcohol. Recoveries 
ranged from 44 to 56 per cent. On chromatographing these polynucleo- 


tides with the phosphate-ammonium sulfate-propanol reagent there was 
material remaining at the origin in all cases, although GDP produced the 
least non-mobile material. 


| | | 
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Examples of phosphorylation experiments with these polynucleotides are 
given in Table IV. It must be borne in mind that these polymers were 
not all tested with the same particulate and heat-labile fraction; thus strict 
comparisons cannot be drawn between them. To rule out the very remote 
possibility that heat-labile factor contained activity which was released on 
boiling and adsorbed on the synthetic polynucleotide, a sample of the 
same fraction used to polymerize these nucleotides was heated and tested 
for activity in the phosphorylation reaction in appropriate amounts. It 
was found to have no activity. The results presented in Tables III and 
IV show that polynucleotides made from the purines and pyrimidines found 
in RNA and the natural factor all had activity, and within this group there 
seems to be little nucleotide specificity. The low values with the AMP 


TABLE IV 


Activity of Polymers Made from Other Mononucleotides 


The conditions of the test were the same as those in Table III, except that dif- 
ferent nucleotides, particulate, and heat-labile fraction were used. In each group 
of experiments equal amounts of natural polymer, synthetic polymer, and monomer 
were compared by using the same bacterial fractions. The amount found in the 
DPN control, which was small in these experiments, has already been subtracted 
from that found in the DPNH cuvette. 


umole TPNH accumulated 
ized 
Polymer | Comm 
0.052 0.010 0.056 


polymer may well be the result of more rapid depolymerization caused by 
removal of ADP by myokinase. 

It was possible, although unlikely, that the apparent phosphorylation de- 
pendent on the addition of synthetic polynucleotide might have been in 
reality the result of a marked inhibition of DPNH oxidase. It was shown 
that natural polynucleotide did not inhibit DPNH oxidase, but this had 
not been shown for the synthetic ones. This possibility was ruled out by 
comparing the phosphorylation dependent on the addition of TPN, hexo- 
kinase, and G-6-P dehydrogenase in a pair of cuvettes containing poly- 
nucleotide with a similar pair lacking this factor. In this way phosphory- 
lation was measured in spite of any effects on DPNH oxidase. In the 
cuvettes without polynucleotide there was no difference between the ex- 
perimental and control cuvette lacking TPN, hexokinase, and G-6-P de- 
hydrogenase; hence there was no phosphorylation. Addition of natural 
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polynucleotide equivalent to 0.53 umole of ADP to both cuvettes produced 
an accumulation of 0.036 umole of TPNH in the experimental cuvette, 
while the same amount of UMP polymer caused an exactly equal phos- 
phorylation. As before, non-polymerized UDP was inactive. No effects 
on the rate of DPNH oxidase were observed. Finally UMP polymer was 
shown to be required for phosphorylation by the criterion of G-6-P ac- 
cumulation. 

A CMP polymer given to us by Dr. Ochoa was also studied. It was pre- 
pared in the following way: CDP was incubated with polynucleotide phos- 
phorylase having a specific activity of 40 to 50 (12) from Azotobacter vine- 
landii until phosphate liberation ceased. The polynucleotide was twice 
precipitated with 3 volumes of alcohol and finally dialyzed for 48 hours 
against distilled water. The average molecular weight of this compound 
was assumed to be over 100,000. 

This polynucleotide was compared with natural heat-stable factor with 
the following results: Heat-stable factor, equivalent in absorption to 0.51 
umole of AMP, produced 0.163 umole of phosphorylation, while 0.49 
umole of polymerized CDP produced 0.041 umole or approximately 25 per 
cent as much as the natural factor. The fact that this sample of synthetic 
polynucleotide is so much less active than the natural factor is probably 
the result of its greater average molecular weight. In any case, it seems 
clear that a polynucleotide is required in this reaction and that this re- 
quirement can be satisfied by a variety of polynucleotides produced by the 
enzyme polynucleotide phosphorylase from A. faecalis and from A. vine- 
landit. Small molecular weight polymers, such as are produced by treat- 
ment of heat-stable factor with RNase, seem more active than larger molec- 
ular weight ones, such as that given to us by Dr. Ochoa. Studies of 
optimal size were not done at this time, since the presence of polynucleotide 
phosphorylase in the test system would make such studies quite inaccurate. 

Possible Function of Polynucleotide—The function of the polynucleotide 
in the oxidative phosphorylation reaction is not yet known. One possi- 
bility is that it acts as a primary acceptor of high energy phosphate which 
then passes the energy-rich phosphate to ADP toform ATP. A series of 
experiments was set up to investigate this. The phosphorylation reaction, 
by using the manometric method (2), was run in the presence of P®. Fol- 
lowing deproteinization, generally by boiling, the reaction mixture was 
chromatographed in a variety of ways, and evidence was sought for radio- 
activity in the polynucleotide. No clear-cut evidence for phosphorylation 
of the polynucleotide or DPN was found although ADP was phosphory- 
lated. While these results did not rule out the phosphorylation of the 
polynucleotide, they did start speculation along other lines. It occurred 
to us that the polymer might act as a bridge, holding the enzymes involved 
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in oxidative phosphorylation spatially related to each other, so that phos- 
phorylation could be coupled to the oxidation. This spatial relationship 
is obviously important, since, when the enzymes catalyzing this reaction in 
animal mitochondria are separated from each other, they lose the ability 
to phosphorylate. It may be that the bond between the polynucleotide 
and enzyme is ruptured by uptake of phosphate which is rapidly passed 
on to ADP and so is not observed by our methods. There is no evidence, 
as yet, to support any of this, although there is one finding that fits with 
the hypothesis that the polynucleotide acts by binding enzymes together. 
It was found that all three bacterial fractions had to be in contact for an 


TABLE V 


Effect of Incubating Particulate and Heat-Labile Fractions with 
Polynucleotide before Addition of DPNH 


In each experiment a cuvette containing the complete system was read against one 
lacking TPN, hexokinase, and G-6-P dehydrogenase. Each cuvette contained, in a 
final volume of 1 ml., the following: 50 umoles of glycylglycine buffer, pH 7.2, 1 umole 
of inorganic phosphate, 6 wmoles of magnesium chloride, 25 uwmoles of glucose, 0.05 
umole of AMP, 0.15 ml. of particulate fraction containing 188 DPNH oxidase units, 
0.15 ml. of heat-labile fraction containing 39 units, and 0.10 ml. of purified heat- 
stable fraction equivalent in absorption at 260 my to a solution of ADP containing 
4.1 uymoles per ml. The experimental cuvettes contained, in addition, 0.5 umole of 
TPN, 97,000 units of hexokinase, and 0.123 unit of G-6-P dehydrogenase. 


Fractions incubated before DPNH addition ph Ree = 
pumole 
Particulate, heat-stable, heat-labile, 3 min........................ 0.079 
= heat-labile, 2min. + heat-stable, 1 additional min... 0.012 
heat-stable, 2 “ + heat-labile, 1 0.016 
Heat -labile, 2 ‘* + particulate, 1 0.020 


appreciable time before addition of DPNH in order to obtain maximal 
phosphorylation during oxidation of the reduced nucleotide. An example 
of an experiment demonstrating this effect of incubation is given in Table 
V. There is a decrease of approximately 40 per cent in phosphorylation 
when the incubation time of the complete system is reduced from 3 minutes 
to 1 minute. Incubating any two of the fractions together for 2 minutes, 
followed by the addition of the third fraction 1 minute before addition of 
DPNH, does not restore the phosphorylation. This finding would fit 
with the hypothesis that the polynucleotide acts by binding the other two 
fractions together, although the facts can of course be interpreted in other 
ways. These results would not fit the possibility that the polynucleotide 
acts by inhibiting the destruction of some other essential component, since, 
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in this case, one should obtain better results with shorter incubation times. 
Similarly, it seems unlikely that the polynucleotide is converted into some 
other compound required for the reaction, for in that case one would expect 
the mononucleotides to work and the polynucleotide incubated with one or 
the other fractions to be active. 


DISCUSSION 


The fractionation of the oxidative phosphorylation system in M ycobac- 
terium phlei (13, 14) described by Brodie and Gray confirms in part our 
previous description of the fractionation of such a system in A. faecalis (2). 
They stated in an earlier paper that the A. faecalis system is not comparable 
to the oxidative phosphorylation found in animal tissues and M. phlei 
because of the low P:O ratios, the lack of DNP effect, and the fact that 
results were obtained with only one substrate (15). It is certainly true 
that our P:O ratios are lower than those found with mitochondria, as are 
those described by Brodie and Gray, although their ratios are higher than 
ours. The low ratios of the A. faecalis system depend in part on the active 
ATPase present (2) and in part, probably, on the presence of fewer electron 
transport steps and, hence, phosphorylation sites (4) than are found in 
mitochondria. While it is true that the only substrate used in our studies 
is DPNH, it seems a particularly appropriate one, since almost all the phos- 
phorylations associated with the Krebs cycle oxidations are believed to 
occur linked to the passage of electrons from reduced pyridine nucleotide 
to oxygen (16). Finally, the A. faecalis system is uncoupled by DNP, and 
also by menadione, both of which are known uncouplers of oxidative phos- 
phorylation in animal mitochondria. 

The major points in this work have been shown by using two different 
methods of measuring oxidative phosphorylation, namely, the spectro- 
photometric method in which ATP formed by linking it to TPNH produc- 
tion is measured and the more conventional method of measuring G-6-P 
accumulation in deproteinized extracts. Both methods were checked 
against each other and against inorganic phosphate uptake. It seems clear 
from these results that a polynucleotide of the RNA type is required for 
phosphorylation linked to DPNH oxidation in extracts of A. faecalis. The 
results with chromatographed polynucleotide support this hypothesis, and 
the activity found in the four types of synthetic polynucleotide makes it 
quite certain. The recovery of polynucleotide after the phosphorylation 
eliminates the possibility of its being used up in the reaction. The inhibi- 
tion with dinitrophenol and menadione, as well as the recovery of DPN 
after the experiment, provides conclusive evidence that the reaction studied 
here is oxidative phosphorylation. Although there has been much discus- 
sion of the role of RNA in protein synthesis, this work, some of which has 
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been briefly reported previously (3, 17), represents the first demonstration 
of a coenzyme function of a polynucleotide. 


SUMMARY 


The Alcaligenes faecalis enzyme system which couples formation of ade- 
nosine triphosphate to the oxidation of reduced diphosphopyridine nucleo- 
tide has been shown to be sensitive to menadione and dinitrophenol. The 
heat-stable factor required for phosphorylation has been shown to be a 
polynucleotide of the ribose nucleic acid type. Polymers of adenosine, 
uridine, cytidine, and guanosine diphosphates have been shown to be cap- 
able of replacing the natural polynucleotide. Some possible functions of 
this polynucleotide coenzyme in the reaction are suggested. 


Addendum—Since submission of this paper it has been found that the variability 
of the DNP effect is in part due to variations in heat-stable factor concentration. It 
has been possible to reverse completely DNP inhibition of phosphorylation by 
doubling the polynucleotide concentration. 
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METABOLISM OF ADENINE IN MICE* 


By EDWARD L. BENNETT ann HILDA KARLSSON 
(From the Radiation Laboratory, University of California, Berkeley, California) 


(Received for publication, January 31, 1957) 


Several contradictory reports (2-4) concerning the degree of lability of 
the adenine ring in mammals have appeared. Gordon first suggested 
that complex paths may be involved in incorporation of exogenous purines 
or in biological interconversions of purines. Incomplete experiments (2) 
and interpretations of Gordon (5) were questioned in a review by Brown 
and Roll (6) and were shown to be erroneous at least for ribonucleic acid 
of rat liver by Abrams (3). 

A comparison of the incorporation of adenine-2-C™ (Ad-2-C"*), adenine- 
4 ,6-C™ (Ad-4 ,6-C"), and adenine-8-C" (Ad-8-C") into nucleotide adenine, 
ribonucleic acid (RNA) adenine and guanine, and deoxyribonucleic acid 
(DNA) adenine and guanine in five tissues of C57 mice 1 to 28 days after 
administration is reported here. No evidence was found for extensive ring 
lability. A decrease of the adenine to guanine (Ad:Gu) specific activity 
ratio with time has been observed. Other factors affecting adenine utili- 
zation and conversion to guanine are discussed. 


Methods 


Male C57 mice, 33 to 53 months old and weighing 25 to 28 gm., were 
each injected intraperitoneally with 1.2 mg. of Ad-2-C'*' (7), Ad-4,6-C,” 
(8), or Ad-8-C* (9) (containing 2.2 X 10? d.p.m.) dissolved in 0.5 ml. of 
0.9 per cent NaCl. To determine the effect of dosage, one mouse was in- 
jected with 0.12 mg. of Ad-4,6-C" instead of the usual 1.2 mg. A con- 
tinuous analyzer was used to obtain and C¥%O2/C”O:2 
(specific activity) excretion patterns (10); the respiration data presented 
are averages of two to three individual experiments. 

In the first experiment, mice were killed at 1, 8, 15, and 28 days after 
administration of Ad-C™. In the second experiment, in which the metab- 
olism of Ad-2-C™ and Ad-4,6-C™ was more critically compared, three 
pairs of litter mates, three mice injected with Ad-2-C™ and three mice 
with Ad-4,6-C", were killed at 1 day and another three pairs at 15 days 
after adenine was administered. The tissues were separately fractionated 
as previously described (11, 12). 

* A preliminary account of this work has been presented at the International 
Conference on the Peaceful Uses of Atomic Energy (1955) (1). 


' Adenine-2-C' and adenine-8-C'™ were purchased from the Isotopes Specialties 
Company, Ine., Burbank, California. 
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Specific activities of 5’-adenylic acid derivatives of the soluble nucleo- 
tide fraction (5’-AMP), RNA adenine (RNA-Ad), and DNA adenine 
(DNA-Ad) were determined by differential enzymic spectrophotometric 
methods combined with direct plate counting (after paper chromatographic 
purification) (11, 12). Specific activities of RNA guanine (RNA-Gu) and 
DNA guanine (DNA-Gu) were determined by similar methods in which ~ 
rat liver guanase and xanthine oxidase were used to convert guanine to — 
uric acid (13-15). All specific activities are expressed in terms of disin- — 
tegration X 10-* per minute per umole of purine. 

Direct plating techniques were used to determine radioactivity in the — 
isolated fractions (11). Radioactivity measurements were made with a | 
Nuclear-Chicago D-47 windowless gas flow counter and automatic sample — 
changer, platinum dishes of approximately 3.7 sq. cm. area being used. 
Counting efficiency was approximately 53 per cent; background was equiv- 
alent to 45 d.p.m. Samples with low activity were routinely counted 
for duplicate periods of 30 to 60 minutes, and reliable determinations could 
be made on samples that counted as little as 25 per cent above background. 


Results 


The CQ, respiration data obtained after administration of Ad-2-C%, 
Ad-4 ,6-C™, and Ad-8-C"™ and of formate-C™ are shown in Fig. 1. CO, 
was obtained from each of the labeled adenine compounds.’ Rate pat- 
terns of CO, excretion of the isomerically labeled adenines differ; Ad-2-C' 
and Ad-8-C™ are initially oxidized relatively slowly. C™Q, from Ad-4,6-C"™ 
is believed to arise primarily from the C-6 carbon when adenine is con- 
verted to allantoin; thus 10 per cent of the administered radioactivity as 
CO, obtained in 22 hours from Ad-4 ,6-C" represents 20 per cent oxidation 
of the purine ring to allantoin. 

Possible differences in incorporation of the variously labeled adenines 
into nucleotides and nucleic acids during several time intervals after in- 
jection were investigated for five tissues after administration of Ad-4 ,6-C™ 
and Ad-8-C'. Single animals were utilized for four time intervals up to 
28 days. Specific activities of 5’-AMP, RNA-Ad, and RNA-Gu and of 
DNA-Ad and DNA-Gu are shown in Table I. The percentage of the 
control (Ad-4 ,6-C") specific activity for each tissue fraction and the Ad:Gu 
ratio are also calculated. 

No large consistent differences in specific activities of nucleotides or 
nucleic acids were found after administration of the isomerically labeled 


2 Marrian et al. (4) reported no radioactive respiratory CO, from Ad-8-C" fed to 
rats, but the Ad-8-C"™ utilized had an activity of only 3.4 & 10‘ e.p.m. per umole 
compared with the activity of 2.4 K 10° d.p.m. per wmole for the Ad-8-C" utilized 
in the experiments reported here. 


E. L. BENNETT AND H. KARLSSON 41 


adenines. In only twelve comparisons out of 79 was the ratio Ad-8-C"*/ 
Ad-4,6-C" less than 0.8, and these deviations appeared to be random and 
not associated with a particular tissue. No decrease of this ratio with 
time was observed. 

The results are presented in Table II for the incorporation of Ad-4 ,6-C'* 
and Ad-2-C™, The Ad-2-C'4/Ad-4,6-C™ ratio for the average specific 
activity obtained for each tissue fraction ranged from 0.88 to 1.15, with an 
average value of 1.02. No difference in the average ratio was observed 


Ad-4 6- ci* 


RY 


% OF ADMINISTERED C* IN RESPIRATO 


2 4 6 8 1@) I6 20 
HOURS AFTER ADMINISTRATION 

Fig. 1. Percentage cumulative respiratory excretion of C'O, from C57 male 


mice after administration of 1.2 mg. of Ad-2-C'™, Ad-4,6-C"™, or Ad-8-C'*. The cu- 
mulative excretion of formate-C'* has been divided by 10. 


between 1 and 15 days. It is therefore concluded that the C-2 position 
of the purine ring is not labile relative to the C-4,6 position, either during 
the initial incorporation or subsequently after incorporation into nucleo- 
tides and nucleic acids. Once the purine ring is broken, it is catabolized 
to end products which are excreted. 

The results of a study of the effect of dosage upon the incorporation of 
adenine into nucleotides and nucleic acids are tabulated in Table III. 
Liver and kidney incorporated significantly larger amounts of adenine, 
and small intestine slightly less adenine, into RNA-Ad than were expected 
on a proportional basis when 0.12 mg. of adenine was administered. In- 
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TABLE [ 
Specific Activity of 5'-Adenylic Acid, RNA Adenine and Guanine, and DNA 
Adenine and Guanine in C57 Mice after Administration of 
Adenine-4,6-C2'4 and Adenine-8-C'** 


S’-Adenylic | RNA adenine | RNA guanine DNA guanine 
Per Per Per Per 
S.a. X | cent cent | S.a. X! cent cent 
| Ad- - | 1072 Ad- 
4,6 4,6 4,6 4,6 
Small intestine 
4,6 1910 151 7.9 5.5 
8 /|1820 96 85 | 145 96 7.1 92 5.1 
4, 81 30 2.7 4.3 
S 51 63 67 | 20 68 | 2.7 87 | 4.1 
4,6 | 24 18 2.0 2.9 
30 | 122 89 16 92 1.9 84 | 3.9 
4,6 6.3 6.6 1.2 3.2 
8 7.7) 121 116 8.2) 124 1.1 132 | 2.8 
Large intestine 
1700 250 5.3 6.7 
1880 | 110 117 | 254 | 102 | 6.2 103 | 6.2 
124 48 2.4 4.7 
97 78 78 | 39 81 | 2.3 64 85 | 3.6 
18 10.5 1.4 2.6 
19 | 108 118 | 12.0, 115 | 1.4 63 | 2.7 
Carcass 
4,6 | 277 50 6.9 44 5.4 
s 274 99 92) 43 86 | 7.4 84/149 | 109 | 4.1 
4,6 | 202 67 3.4 13.4 2.2 
Ss 184 91 94 66 98 | 3.3 68 page 77 | 2.0 
4,6 | 194 65 3.3 5.5 3.2 
8 182 94 93 | 73 | 112 | 2.7 85 5.7) 102 | 2.6 
4,6 | 135 54 2.2 5.5 2.1 
8 140 | 104 102 | 57 | 105 | 2.2 90 4.6) 83 | 2.2 
Liver 
4,6 {1715 82 7.3 
s 1670 98 90 | 69 84 | 7.8 
4, 310 186 3.5 
s 270 87 80 | 154 83 | 3.4 
4,6 | 104 161 2.0 
8 110 | 105 107 | 157 97 | 2.2 | 
4,6) 19 46 1.1 | 
8 19 100 110 53 115 | 1.1 | 
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| S'-Adenylic | RNA adenine | RNA guanine DNA adenine DNA guanine 
Days Posi- Rati Rati 
Per Per Per Ad: Gu Per Per Ad: Gu 
S.a.X cent S.a.X cent S.a. X | cent S.a. X| cent |S.a. cent 
| | Ad- | 107? | Ad- | 107? | Ad- 107? Ad- | 107? | Ad- 
| 4,6 4,6 4,6 4,6 4,6 
Kidney 
l 4,6 1170 650 155 4.2 
8 1330 114 | 710 109 | 158 102 | 4.5 
8 4,6 | 264 520 290 1.8 
201 77 «575 110 | 252 87 | 2.3 
15 4,6 112 290 189 1.5 
S 122 108 | 250 86 | 144 7711.7 
28 4,6 34 78 63 1.2 
34 100 77 99 71 


S.a. = specific activity. 

* Male C57 mice, 4 to 54 months old, weight about 25 gm., were administered 1.2 
mg. of adenine-4,6-C,"', or adenine-8-C"™, specific activity 2.42 d.p.m. per 
umole. The specific activities are reported as disintegration X 10? per min. per 
umole of purine. The mice were killed at the indicated time after administration 
of the adenine. 


corporation into guanine was markedly depressed in all tissue fractions at 
the low dosage. 

Other factors, in addition to the amount of adenine administered, that 
influence incorporation and, in particular, conversion of adenine into gua- 
nine (Ad:Gu ratio) are the folic acid antagonists, Aminopterin or A- 
Methopterin (Table IV). A changed pattern of incorporation was noted 
in drug-treated animals, the effect being different in different tissues. In 
most tissues, an increased specific activity in RNA-Gu was observed, 
whereas only a slight effect was noted upon the specific activity of RNA-Ad. 
Similar effects were noted in DNA of intestines. 


DISCUSSION 


The metabolic steps involved in formation of C“%O:2 from Ad-2-C"™ or 
Ad-8-C™ are not known. C'Qs, respiratory patterns obtained from Ad- 
2-C™ and Ad-8-C"™ do not in any way resemble that obtained with for- 
mate-C™, and thus a rapid exchange of the C-2 or C-8 position of free 
adenine with “formate” of the biological system is not indicated. Since 
the most rapid excretion of CO. occurs from 2 to 6 hours after adminis- 
tration of Ad-8-C"4, a time when free Ad-C" is present in only trace quan- 
tities (13), the oxidation must be through secondary products of adenine 
metabolism. In humans, further oxidation of uric acid has been shown 
by recovery experiments by use of uric acid-N'!* (16) and more directly 
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and Nucleic Acids of C57 Male Mice* 


TaBLeE III 
Effect of Dosage upon Incorporation of Adenine-4,6-C2'4 into Nucleotides 


adenine 


DNA DNA 
guanine 


Per cent control 


RNA | RNA 
Tissue adenine adenine guanine 
hat Per cent control 
Small intestine 1.2 
0.12 10 8.5 4.1 
Large intestine 1.2 
0.12 17 12 5.7 
Liver 1.2 
0.12 18 17 7.5 
Carcass 1.2 
0.12 13 11 6.0 
Kidney 1.2 
0.12 21 28 16 


3.2 
2.6) <2 
22 | <25 


* 1.2 mg. or 0.12 mg. of adenine-4,6-C2'* was administered by intraperitoneal in- 
They were killed 24 hours later. 
proximate specific activities, refer to the 24 hour adenine-4,6-C.'* data in Table I. 


jection to two male C57 mice. 


Effect of Aminopterin and A-Methopterin upon Incorporation of Adenine-2-C'' 


TABLE IV 


into Nucleotides and Nucleic Acids of C57 Male Mice* 


5’-Aden-| RNA | RNA 
Tissue acid, adenine | guanine 

control | Per cent control 
Small in- | Control 7.9 
testine Aminopterin 175 138 168 6.5 
A-Methopterin 129 97 100 7.7 
Large in- | Control 5.3 
testine Aminopterin 152 131 191 3.6 
A-Methopterin 132 112 139 4.2 
Liver Control 9.3 
Aminopterin 66 86 138 5.8 
A-Methopterin S4 81 105 7.2 
Carcass Control 6.9 
Aminopterin 87 104 90 5.2 
A-Methopterin 101 90 80 7.6 
Kidney Control 3.6 
Aminopterin 100 118 154 2.8 
A-Methopterin 150 134 153 3.2 


DNA | DNA 
adenine guanine 


Per cent control 


93 138 
73 106 
83 180 
98 169 
91 96 
94 88 


| 
| 


* 1.0 mg. of Aminopterin or 4.5 mg. of A-Methopterin were injected into the mouse 
30 minutes before the intraperitoneal administration of 1.2 mg. of adenine-2-C'. 
The mice were killed 24 hours later. 

1 day adenine-2-C'* data in Table II. 


To calculate the specific activity, refer to the 


a 


To calculate ap- 


= 
| ratio | ———. ratio 
| 
| ¢.9 | | 98.8 
(16 | | 14 
| | 6.8 
13 | 23 
| 8.3 | 
120 | | 
| 8.1 | | 64 
13 | | >S 
| 3.2 
6.0) | 
u Ad: Gu 
| | 
| | 6.3 
| | 4.2 
| | 4.3 
| 
| | 3.5 
| | 4.5 
| 
| | 4.9 
| 4.6 
| | 5.1 
| | 
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by use of uric acid-2-C (17) so that purine ring oxidation at positions 
other than C-6 is not unique to mice. 

Also, specific activity curves obtained from Ad-C' are anomalous in 
that the C“QOs specific activity does not exhibit a uniform decline from an 
early maximum shown by many compounds (2.e., glycine, formate, glu- 
cose); instead, periods of increased activity are often observed 10 to 20 
hours after adenine is injected. This may represent catabolism of nucleo- 
tides and nucleic acids associated with food intake or with cyclical phases 
of cell division. 

Buchanan and Schulman have demonstrated in pigeon liver homogenates 
an exchange of formate with C-2 of inosinic acid, presumably due to an 
interconversion to 4-amino-5-imidazolecarboxamide ribotide (18). Abrams 
and Bentley have presented evidence from rabbit bone marrow prepara- 
tions that adenylic acid is converted to guanvlic acid via inosinic acid and 
xanthylic acid (19, 20). Adenine has been shown to be extensively and 
rapidly incorporated into adenylic acid nucleotides and more slowly into 
guanylic acid nucleotides (11-13). It was suggested (13) that renewal of 
RNA due to breakdown and resynthesis from nucleotides of the cell is 
more rapid than indicated by disappearance of radioactivity from RNA. 
Therefore, if the postulated exchange of the C-2 or C-8 position of the 
purine ring occurred in mice, animals injected with Ad-2-C™ or Ad-8-C" 
should have less isotope incorporated into nucleotides or nucleic acids 
than animals administered Ad-4,6-C™%. This difference should exist at 
24 hours if exchange occurs primarily with free purines, and should become 
larger with time if exchange occurs at the nucleotide or nucleic acid level. 
In addition, if the reaction 


Inosinie acid = 4-amino-5-imidazolecarboxamide ribotide + ‘‘formate’’ 


were the principal reaction responsible for the postulated ring lability, 
and since inosinic acid is the probable intermediate in the conversion of 
adenylic acid to guanylic acid, it might be expected that the guanine spe- 
cific activity would decrease more rapidly after injection of Ad-2-C than 
after injection of Ad-4,6-C'. This effect should be larger in tissues that 
have rapid nucleic acid renewal. No consistent differences were found 
in the utilization of the three labeled adenine compounds, and it is there- 
fore concluded that the C-2 and C-8 positions of the purine ring are not 
labile relative to the C-4,6 positions, either during initial incorporation or 
subsequently after incorporation into nucleotides and nucleic acids. Once 
the purine ring is broken, it is catabolized to end products which are ex- 
creted. These results confirm and extend those obtained by Abrams (3) 
for rat liver RNA and by Marrian et al. (4) for rat visceral nucleic acids, 
and are in disagreement with those obtained by Gordon (2) for nucleic 
acids of pooled visceral organs of the rat. 
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In all cases, the Ad:Gu ratio showed a large decrease with time; 2.e., 
from 7 to 8 at 1 day to 1.1 to 1.2 at 28 days for RNA of liver and small 
intestines. This ratio was similar for a given time interval and tissue 
fraction after injection of Ad-2-C'™, Ad-4,6-C™, or Ad-8-C™. This con- 
stitutes additional evidence that the purine ring is not labile during con- 
version from adenine to guanine. A decrease in the Ad:Gu ratio has been 
observed previously in RNA of regenerating rat liver injected with Ad-N'™ 
(21) and in cytoplasmic RNA and nuclear RNA and DNA of mouse liver 
at periods up to 24 hours after injection of adenine (22). Swick et al. 
(23) have also presented evidence that conversion of adenine to guanine 
in rat liver RNA is more rapid than the reverse reaction.’ 

The decrease of the Ad: Gu ratio with time is consistent with the concept 
that adenine is slowly converted to guanine in the nucleotide pool (12), 
and this, combined with renewal of nucleic acids from this pool, leads to 
a decrease in the Ad:Gu ratio. Since nucleic acids are probably synthe- 
sized, at least in part, from components of the acid-soluble nucleotide pool 
which are radioactive, renewal of nucleic acids is more rapid than estimated 
by disappearance of radioactivity from nucleic acids (11, 13). It is to be 
noted that the Ad:Gu ratio decreases more rapidly in RNA than it does 
in DNA, in agreement with the idea that RNA is in relatively rapid equi- 
librium with the soluble nucleotide pool, whereas DNA synthesis is asso- 
ciated with cell renewal. Other explanations for the unequal retention of 
formate in purines of DNA and RNA of rats were made by Bendich et al. 
(24). 

The observations on the incorporation of adenine at two dosages indicate 
that utilization of exogenous adenine may represent in part a detoxifica- 
tion mechanism. The primary conversion is to adenylic acid, probably 
by reaction with 5-phosphoribosylpyrophosphate (25). At higher dosages, 
abnormally high quantities of adenylic acid derivatives lead to an increased 
amount of inosinie acid which is subsequently converted to guanylic acid. 
These reactions are probably particularly rapid in kidney, and it should 
be noted that this organ has the lowest Ad:Gu ratio. The relatively high 
incorporation into liver and kidney RNA-Ad at the low adenine dosage 
probably explains the reversal of relative incorporation into liver and 
small intestine noted by different investigators (21, 26-28). 


SUMMARY 


Possible lability of the purine ring during or after incorporation into 
nucleotides or nucleic acids in mice has been investigated with adenine- 


3 Evidence presented by Brown and Roll ((6) p. 38!) for a decrease in the Ad:Gu 
ratio after formate injection does not appear to be correct, as both groups of rats 
were killed 24 hours after a series of three daily formate injections (24, 26). 
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2-C', adenine-4 ,6-C™, and adenine-8-C'. No evidence was found for 
extensive ring lability. Radioactive CO» was obtained from each of the 
isomerically labeled adenine-C'* compounds, indicating oxidation of the 
purine ring at positions other than C-6. 

A marked decrease in the adenine to guanine ratio with time has been 
noted. The pattern of utilization of exogenous adenine is influenced by 
dosage and by Aminopterin and A-Methopterin. 


The authors are greatly indebted to Professor Melvin Calvin for advice 
and encouragement during this investigation. Aminopterin and A-Meth- 
opterin were gifts of the Lederle Laboratories Division, American Cyana- 
mide Company. The technical assistance of Miss Barbara Krueckel and 
Mrs. Ruth Deane is gratefully acknowledged. Dr. B. M. Tolbert and 
Mrs. Martha Kirk generously made available the C%Q.-C”QO, analyzer 
and assisted greatly in making the measurements. 

The work was done under the auspices of the United States Atomic 


Energy Commission. 


Addendum—Zbarsky and Paterson have recently studied the metabolism of 
adenine-2-C'4 in the rat (29). Approximately 9 per cent of the injected radioac- 
tivity was excreted as respiratory CO» over a 4 day period in which repeated injec- 
tions of adenine were made. Possible mechanisms by which carbon atom 2 of ade- 
nine may be catabolized to CO2 were discussed. 
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URINARY METABOLITES OF CAFFEIC AND 
CHLOROGENIC ACIDS 


By ALBERT N. BOOTH, O. H. EMERSON, FRANCIS T. JONES, 
AND FLOYD DEEDS 


(From the Western Regional Research Labcratory, Agricultural Research Service, 
United States Department of Agriculture, Albany, California) 


(Received for publication, May 13, 1957) 


To facilitate our investigations of the metabolic fate of flavonoids in the 
animal body (1), we found it advantageous to study a number of related 
compounds of smaller molecular weight such as 3,4-dihydroxycinnamic 
acid (caffeic acid). Caffeic acid may be readily obtained by hydrolysis 
of chlorogenic acid, the quinic acid ester of caffeic acid. Chlorogenic acid 
was isolated from green coffee beans which may contain as much as 5 per 
cent on a dry weight basis (2). These two acids are found widely dis- 
tributed in plant materials other than coffee, including fruits, certain 
vegetables, and tobacco (3, 4). 

Armstrong et al. (5) reported that the ingestion of coffee leads to an in- 
creased excretion of m-hydroxyhippuric acid (m-HHA) in human urine. 
No specific substance in coffee was implicated, however, as being the pre- 
cursor of m-HHA. 

In this study caffeic acid has been demonstrated to be a precursor of 
m-HHA in human urine, and more than ten additional metabolites from 
it have been identified in human or rat urine. A few of the metabolic 
transformations which caffeic acid undergoes in the animal body were in- 
cluded in our recent report concerning methylation and dehydroxylation 
of phenolic compounds (6). 


EXPERIMENTAL 


With the exception of feruloylglycine and m-coumaroylglycine, the com- 
pounds used in this work are well known and were purchased, isolated, or 
prepared by the standard procedures. These were considered to be ac- 
ceptable for feeding if found to be homogeneous after migration in the two- 
dimensional system (1). 

Feruloylglycine—This substance was prepared in good yield according 
to the procedure of Sheehan and Hess (7). To 0.51 gm. of ethyl glycinate 
and 1.1 gm. of dicyclohexy] carbodiimide dissolved in 10 ml. of tetrahydro- 
furane was added 0.97 gm. of ferulic acid dissolved in 10 ml. of tetrahydro- 
furane, and the solution was allowed to stand over the week end. The di- 
cyclohexyl urea which separated appeared to be contaminated with some 
of the desired ester, so this, as well as the residue from the tetrahydrofurane, 
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was extracted with hot alcohol, from which the desired ester crystallized, 
and was recrystallized from alcohol, m.p. 136-137° (corrected). 


Calculated, 60.19, H 6.13; found, 60.3, H 6.05 


The ester was hydrolyzed by being warmed on the steam bath for about 
15 minutes with a slight excess of methanolic potassium hydroxide. The 
methyl alcohol was removed under reduced pressure; the residue was taken 
up in water and acidified with HCl. The feruloylglycine which separated 
in elongated plates was recrystallized from water, m.p. 215-216°, with 
decomposition. 


CyHyNOs;. Caleulated, C 57.35, H 5.22; found, C 57.4, H 5.18 


m-Coumaroylglycine—m-Coumaric acid (5 gm.) was dissolved in 70 ml. 
of 5 per cent sodium carbonate solution, and the cooled solution was treated 
with 3.5 gm. of methyl! chloroformate, with mechanical stirring, which was 
continued for half an hour. The crude carbomethoxy m-coumaric acid was 
crystallized from dilute acetone, m.p. 138-140°. To 2.35 gm. of this acid 
was added very slightly more than an equal weight of phosphorus penta- 
chloride and the mixture was warmed until the evolution of HCl ceased. 
The residue after removal of phosphorus oxychloride was an oil which was 
taken up in a small amount of dry ether and added with mechanical stirring 
to a cold solution of glycine (1 gm.) in 30 ml. of 5 per cent sodium car- 
bonate. The stirring was continued for half an hour, the free CO» was 
removed under reduced pressure, 5 ml. of 10 per cent sodium hydroxide 
solution were added, and the solution was warmed on the steam bath for 
15 minutes. Upon acidification the m-coumaroylglycine separated and 
was recrystallized from water. 


CyHyNO,y. Calculated, C 59.70, H 5.02; found, C 59.4, H 4.97 


Metabolic Studies—Ordinary diets were ingested during the collection of 
human urine samples except for the exclusion of coffee. A purified diet 
consisting of sucrose, casein, salts, oil, and vitamins was fed to rats before 
and during each 48 hour period of urine collection. The test substance 
(100 mg. per rat) was given by stomach tube to rats, unless otherwise 
specified, and was suspended in water or milk for the human. All urine 
samples were collected in flasks which contained sufficient hydrochloric 
acid to retard oxidation of labile phenolic excretory products. Each acid 
urine sample, to which sodium chloride was added (20 per cent), was shaken 
five times with fresh portions of ether. The combined ether extracts were 
evaporated to dryness under a partial vacuum and nitrogen, and appro- 
priate portions of the ether-soluble fraction were subjected to two-dimen- 
sional chromatography as described earlier (1). Before being sprayed 
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with diazotized sulfanilic acid, the air-dried chromatograms were carefully 
examined under ultraviolet light (Mineralight). All fluorescent and ab- 
sorbing areas were clearly marked. 

Additional evidence for the identity of the compounds which appeared 
in urine after the ingestion of caffeic acid was obtained by means of a 
second two-dimensional paper chromatographic system as described by 
Armstrong et al. (8). This involved the use of isopropyl alcohol, am- 
monia, water (8:1:1) in the first direction, followed by benzene, propionic 
acid, water (2:2:1, organic phase) in the second direction. 

Glycine conjugates were first located on chromatograms when a positive 
color test was developed upon spraying with p-dimethylaminobenzalde- 
hyde in acetic anhydride (9). Then the comparable area from an un- 
sprayed chromatogram was cut out, hydrolyzed under a reflux in 25 ml. 
of 20 per cent HCl for 2 hours, and extracted with ether, and the concen- 
trated ether extract was allowed to migrate in the same two-dimensional 
system as used originally. When this chromatogram was sprayed with 
diazotized sulfanilic acid, it was possible to recognize the phenolic acid 
with which the glycine had been conjugated. Identification of the phenolic 
acids and their respective conjugates was considered complete when the 
appearance under ultraviolet light, Rr values in both two-dimensional 
systems, and colors after spraying with diazotized sulfanilic acid were 
identical with these characteristics of corresponding substances prepared 
synthetically. Feruloylglycine was an exception to this procedure since 
ferulic (3-methoxy-4-hydroxycinnamic) acid was found to be decomposed 
during acid hydrolysis. Identification in this instance was limited to a 
comparison of synthetic feruloylglycine with the urinary glycine conjugate. 

The relative amounts of the various urinary metabolites of caffeic acid 
were estimated by chromatography of known quantities of the pure com- 
pounds (2 to 10 y) and comparison of the size and color intensity of the 
spots produced from appropriate diluvions of the urine. 

Glucuronic acid was estimated on methanol-water eluates of specific 
areas cut out of unsprayed two-dimensional chromatograms. Use was 
made of the carbazole reagent to detect the glucuronic acid colorimetrically 
(10). 


Results 


With the exception of those instances when coffee or chlorogenic acid 
was administered, the compound ingested usually appeared as the most 
conspicuous area on the chromatogram. 

The ingestion of 1 gm. of caffeic acid by a man led to the appearance of 
at least nine areas on the chromatogram which differed from control chro- 
matograms (Fig. 1). An interesting relationship was encountered with 
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respect to the time after ingestion of caffeic acid and the order of appear- 
ance of the various metabolites in the urine. All but one of these metabo- 
lites were found on the chromatogram representing the 0 to 8 hour urine 


sample. The exception, m-hydroxyhippuric acid, was not observed until — 
the next urine sample was obtained, which was for the 8 to 24 hour period : 
after ingestion of caffeic acid. On the other hand, those metabolites which — 
appeared during the 0 to 8 hour excretion period were practically absent — 


from the 8 to 24 hour urine sample. 


CAFFEIC ACID 
(3,4-dihydroxycinnamic acid) 


FERULIC ACID 
(3- methoxy-4-hydroxy- 
ey cinnamic acid) 


DIHYDRO- m-COUMARIC ACID 
CAFFEIC ACID (m-hydroxy- 
(3,4-dihydroxy- cinnamic acid) 
phenylpropionic 

m-HYDROXY- 

DIHYDRO- PROPIONIC ACID 
| 

VANILLIC ACID 

(3- methoxy-4-nydroxy- m-COUMARIC ACID 

benzoic acid) | GLUCURONIDE 
= 
FERULOYLGLYCINE 
Oo 
+ 

VANILLOYLGLYCINE 


Fic. 1. Proposed scheme for the metabolic transformations of caffeic acid 


When rats received caffeic acid, a species difference was encountered in 
that m-hydroxyphenylpropionic acid (m-HPPA) was the major metabolite, 
although some ferulic acid, dihydroferulic acid, and traces of 1-carbon side 
chain compounds could be detected. Thus the rat metabolized most of 
the caffeic acid to compounds having a 3-carbon side chain, and only small 
amounts of m-HHA, vanillic (3-methoxy-4-hydroxybenzoic) acid, and 
vanilloylglycine were excreted. 

When only 10 mg. of caffeic acid were given per rat via stomach tube and 
the results were compared with those already described upon the adminis- 
tration of 10 times this amount, the only conspicuous metabolite was 
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m-HPPA. Only traces of ferulic acid were observed to be present on the 
paper chromatogram. 

After the intraperitoneal injection of the sodium salt of caffeic acid (100 
mg. per rat), the same metabolites appeared in the urine as after oral 
administration of caffeic acid, and in addition two unidentified phenolic 
compounds were observed on the chromatogram. The results indicate 
that intestinal microorganisms do not play a role in the metabolism of 
ingested caffeic acid. 

The order of arrangement of the compounds shown in Fig. 1 was based 
largely on the following results obtained when rats were given one or an- 
other of the various metabolites found after administration of caffeic acid. 

When m-coumaric (m-hydroxycinnamic) acid was administered, it gave 
rise to m-HHA on the chromatogram. When this area occupied by 
m-HHA was cut out and hydrolyzed in order to detect m-hydroxybenzoic 
acid (m-HBA), a second area appeared on the chromatogram of this hy- 
drolysate which was recognized as being m-coumaric acid. This indicated 
that a conjugate of m-coumaric acid with the same Ry values as m-HHA 
was present. The glycine conjugate of m-coumaric acid was synthesized 
but was found to have a different set of R» values compared to the un- 
known conjugate of m-coumaric acid. The eluate of the appropriate area 
cut from an unsprayed chromatogram yielded a positive carbazole test for 
glucuronic acid, indicating that the conjugate of m-coumaric acid was a 
glucuronide. 

Ferulic acid, when fed to rats, was found to be a precursor for principally 
m-HPPA, feruloylglycine, dihydroferulic acid, vanillic acid, and vanilloyl- 
glycine. 

Dihydrocaffeic (3,4-dihydroxyphenylpropionic) acid was fed to rats. 
Surprisingly, the major urinary metabolites identified on the chromato- 
gram were identical with those found when ferulic acid was given, indicat- 
ing an initial conversion of dihydrocaffeic acid to ferulic acid. 

Dihydroferulic (3-methoxy-4-hydroxyphenylpropionic) acid, when fed 
to rats, served as a precursor for the same metabolites as were found after 
administration of ferulic acid; this suggests a reversible relationship (Fig. 
1). 

m-Hydroxyphenylpropionic acid was given to rats (50 mg. each). In 
addition to the major area on the chromatogram, which was unchanged 
m-HPPA, there were also appreciable amounts of m-coumaric acid and 
m-HHA. Hydrolysis of the m-HHA area yielded m-HBA but no m-cou- 
maric acid; under these conditions 8 oxidation appears to have precedence 
over conjugation with glucuronic acid (Fig. 1). 

When vanillic acid was given to rats, there was on the chromatogram, in 
addition to the vanillic acid per se, only one other area different from a 
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control chromatogram. This spot was found to be vanilloylglycine (Fig. 


1). 


When human urine was examined after the ingestion of chlorogenic acid 
(1 gm.), the most prominent metabolites located on the chromatogram 


were caffeic acid, m-HHA, the glucuronide of m-coumaric acid, and dihy- 


droferulic acid. 


TABLE I 
Chromatographic Behavior of Phenolic Acids 
Rr* 
KCl 
m-Hydroxybenzoic............... 0.43 | 0.52 | Dark blue Yellow 
m-Hydroxyhippuric.............. 0.12 | 0.72 
m-Hydroxyphenylpropionic. .....| 0.62 | 0.69 | Absorbs 
m-Hydroxycinnamic............. 0.53 | 0.27 | Bluish white | Dark yellow 
(fades) 
a glucuronide.| 0.12 | 0.72 
m-Hydroxycinnamoylglycine. .... 0.11 | 0.50; Blue Orange 
3-Methoxy-4-hydroxybenzcic..... 0.78 | 0.42 
3-Methoxy-4-hydroxyhippuric....| 0.10 | 0.63 | Deep blue Red-orange 
3-Methoxy-4-hydroxyphenylpro- 
0.90 | 0.62 | Absorbs Red 
3-Methoxy-4-hydroxycinnamicf. .| 0.81 | 0.19 | Blue Blue-violet 
3-Methoxy-4-hydroxycinnamoy]- 
3,4-Dihydroxycinnamicf......... 0.11 | 0.16} Blue Gray-black 
3,4-Dihydroxyphenylpropionic. ..| 0.18 | 0.60 | Absorbs Red, then black 


* The distance traveled by each acid was measured to the center of the spot. 
t The values reported are for the trans isomers, which are present in greater 
amounts than the cis isomers and have lower Rp values in 20 per cent KCl. 


Again a species difference was noted when rats were given doses of 


A 
é 


chlorogenic acid in that the major metabolite was m-HPPA. Lesser 
amounts of dihydrocaffeic acid, dihydroferulic acid, m-HHA, and m-cou- 
maric acid were in evidence. | 

The ingestion of 10 gm. of “instant”? powdered coffee (equivalent to 
approximately 2 gm. of chlorogenic acid), or an equal amount of ‘‘caffeine- 
free” soluble coffee dissolved in hot water, led only to the excretion in 
human urine of m-HHA and the glucuronide of m-coumaric acid. None 
of the other metabolites previously observed after the ingestion of caffeic 
acid was detectable. 

Each of two rats was given, by stomach tube, 1 gm. of soluble coffee 
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dissolved in water. The results were almost the same as when chlorogenic 
acid was given. The most prominent metabolite on the chromatogram was 
m-HPPA. 

All urinary metabolites, containing a methoxy group previously dis- 
cussed, were methylated on the m-hydroxyl group. However, in several 
instances, such as when dihydroferulic acid, ferulic acid, and caffeic acid 
were given to rats, it was possible to recognize small amounts of isoferulic 
and dihydroisoferulic acids on the chromatograms. Thus methylation of 
the p-hydroxy] group is implicated. 

In Table I the metabolites which have been accounted for in the degra- 
dation of caffeic acid, chlorogenic acid, or soluble coffee by the human 
and rat are listed with R, values, ultraviolet characteristics, and colors 
produced by spraying with diazotized sulfanilic acid. 

In regard to the quantitative aspects of the excretion of caffeic acid 
metabolites, the following amounts were excreted in human urine when 1 
gm. of caffeic acid was ingested: vanilloylglycine 150 mg., m-HBA 30 to 
35 mg., ferulic acid 40 mg., feruloylglycine 35 mg., dihydroferulic acid 15 
to 20 mg., and vanillic acid 10 to 15 mg. The total m-HBA excreted after 
the ingestion of caffeic acid was estimated after hydrolysis and corrected 
for the output in normal urine. 

When each of three rats was given 150 mg. of caffeic acid by stomach 
tube, the total output of the various urinary metabolites was as follows: 
m-HPPA 18 mg., ferulic acid 20 to 25 mg., and vanillic acid 5 mg. 


DISCUSSION 


Undoubtedly there are many factors that can modify the results we have 
reported. The schematic diagram (Fig. 1) illustrates the interrelationships 
based on the experimental conditions described herein. The large number 
of degradation products identified in the urine after the absorption of a 
relatively simple compound such as caffeic acid was unexpected. Many 
biochemical transformations must be involved in the production of the 
metabolites found, including methylation and demethylation of hydroxyl 
groups, saturation of a side chain double bond or the reversal thereof, 
dehydroxylation, 8 oxidation, and conjugation with glycine and glucuronic 
acid, 

It has been well established that enzyme systems capable of performing 
metabolic processes which involve methylation, hydrogenation, hydroxyla- 
tion, 8 oxidation, and conjugation are functioning continuously. It ap- 
pears that caffeic acid can qualify as a substrate for many of these trans- 
formations. Perhaps the preferred route of caffeic acid metabolism is to 
m-HPPA in the case of the rat and m-HHA in the case of the human. 


E ' However, if these enzyme systems become overloaded, then other sub- 
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ordinate pathways may come into play and a greater assortment of deg- 
radation products appears. This seemed to be the case in the experiments 
described in this paper in that caffeic acid itself gave rise to the greatest 
number of metabolites, then chlorogenic acid, which was intermediate in 
number, while coffee was the least effective. Since caffeic acid occurs as 
a quinic acid ester in chlorogenic acid, this could tend to prevent a sudden 
increase in the concentration of caffeic acid per se in the animal body when 
chlorogenic acid is given. This would also be true of the chlorogenic acid 
in coffee. Some of the metabolic changes could take place on the caffeic 
acid portion of the molecule before removal of the quinic acid moiety. 
Finally, the rate of absorption and total absorption of caffeic acid given 
in the form of chlorogenic acid could be considerably lower than for caffeic 
acid itself. This would tend to allow the tissues more time to process 
caffeic acid in a preferential manner. 

In view of the widespread consumption by man of coffee, as well as 
other plant materials which contain not only chlorogenic acid but caffeic 
acid and ferulic acid (4), one might speculate as to whether any physiologi- 
cal effects are exerted by any of these metabolites while being formed in 
the body and excreted in the urine. Hartman, Akawie, and Clark (11) 
reported that caffeic acid and m-coumaric acid competitively inhibit dopa 
decarboxylase in vitro. We are not aware of any specific reports of physio- 
logical effects during prolonged periods of coffee ingestion other than those 
produced by caffeine. 

At least two unidentified metabolites appeared on our chromatograms 
after the intraperitoneal injection of caffeic acid. Still other metabolites 
which have not been detected may eventually be recognized, especially if 
some isolation procedure is applied other than the one used here. Prob- 
ably some of the test substance is not absorbed from the intestinal tract, 
some is found excreted unchanged in the urine, and combustion to CO» 
may be the fate of an additional amount. The use of substances appro- 
priately labeled with radioactive carbon should aid in this phase of the 
problem. 


It is a pleasure to thank Dr. J. W. Corse for the generous amounts of 
caffeic acid and chlorogenic acid used in this work. 


SUMMARY 


The ingestion of caffeic acid, chlorogenic acid, and coffee by humans 
and rats leads to the excretion of more than ten phenolic acids in the urine. 
Many biochemical transformations must be invoked to account for these 
metabolites, including dehydrogenation, hydrogenation, and 6 oxidation 
of a phenolic side chain; methylation, demethylation, and dehydroxylation 
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of phenolic hydroxyl groups; and finally conjugation with glycine and 
glucuronic acid. 


A species difference was observed in that the human primarily excreted 


m-hydroxyhippuric acid, whereas the rat preferentially excreted m-hy- 
droxyphenylpropionic acid after the ingestion of chlorogenic acid. 
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SEPARATION OF THYROTROPIC HORMONE FROM 
A PEPSIN INHIBITOR* 


By MARY E. CARSTENT anp JOHN G. PIERCE 


(From the Department of Physiological Chemistry, University of California 
Medical Center, Los Angeles, California) 


(Received for publication, May 13, 1957) 


Ion exchange methods for the preparation of bovine thyrotropin con- 
centrates which assay approximately 5 U.S. P. units per mg. have been 
described in a publication from this laboratory (1) and by Condliffe and 
Bates (2). The preparative procedure used included two passages through 
columns of the carboxylic cation exchanger Amberlite IRC-50, and yielded 
preparations which sedimented with a single boundary in the ultracentri- 
fuge at pH 7.0 and 8.4. The possibility, however, of additional fractiona- 
tion was indicated by a second chromatography on the cation exchanger (1). 

This communication reports a further purification of the thyrotropin 
preparations. A pepsin inhibitor, recently observed by Hilliard and West 
(3), is separated by an extraction procedure based on the results of counter- 
current distribution studies. Evidence is presented for the existence of 
more than one active form, possibly as a result of the instability of thyro- 
tropin in acid solution. 


EXPERIMENTAL 


Methods and Materials—The thyrotropin preparations studied were 
obtained from frozen beef pituitaries and had potencies of approximately 
5 U.S. P. units per mg. (1),' and are hereafter referred to as 5 unit per mg. 
preparations. The assay method used, essentially that of Greenspan 
et al. (4), measures the uptake of P® in the thyroids of day-old chicks. 
Countercurrent distribution experiments were carried out in a glass 
instrument (10 ml. per phase).2 The analytical methods were those 
previously described (5). Butanol was removed at 0-10° in a rotary 
evaporator. In order to free thyrotropin solutions from strong acid as 
quickly as possible, 1 gm. of Dowex 1’ (acetate form) per m.eq. of acid 


* Aided by a grant (No. C-2290) from the United States Public Health Service. 
Presented in part before the Forty-eighth annual meeting of the American Society 
of Biological Chemists at Chicago, April 15-19, 1957. 

t Fellow in Cancer Research of the American Cancer Society. 

‘In the present experiments the buffers contained approximately 200 mg. of 
Versene per liter and 1 mg. per 5 liters of water for dialysis. 

° H. O. Post Scientific Company, Maspeth, New York. 

3 Dowex 1 X 4, 20 to 50 mesh, The Dow Chemical Company, Midland, Michigan. 
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was present in the flask during concentration. Complete removal of 
strong acid was insured by passage of the concentrate through a column 
(1 X 6 cm.) of the same resin. In order to remove strong acid Dowex | 


TABLE I 
Properties of Fractions Obtained by Distribution Procedures 
Yield from P2? uptake activity | Pepsin inhibitor Sedimentation 
y activity constant* 
ment 
No. 
| $20 
lt | Starting preparation 4-5 13 2.5 
A 51 2.5 1 2.5 
B 16 1.0 <1 1.9 
Pepsin 
Inhibitor 11 0.6§ 85 1.6 
2|| | Starting preparation 5 11 2.8 
A 35 | 60 5 5 <1 <1 | 2.8 
B 13 2.5 <1 2.1 
Pepsin 
Inhibitor 14, 11 | <0.019'<0.03**, 409 | 75** 
3|| | Starting preparation 5 7.5 3.0 
A 43 | 57 5 5 <1 <1 | 2.7 | 2.8 
B 15 2.5 <1 2.1 
Pepsin 
Inhibitor 15 11 | <0.019 <0.03**| 75** 


* 1 per cent protein solution; pH 8.4; Spinco model E ultracentrifuge. 

+ Arbitrary inhibitor units (3). 

t Experiment 1 was a ten transfer distribution carried out in centrifuge tubes; 
time of exposure to acid was about 6 hours. 

§ This value may be due to mechanical passage of interphase material not com- 
pletely removed before distribution. 

|| Duplicate extraction experiments were carried out. 

{| These samples, when first isolated, gave a value of 1.5 units per mg. by the P® 
assay. After a second extraction procedure was carried out on the combined sam- 
ples, P*? uptake activity was no longer detectable and the pepsin-inhibiting potency 
was as shown. The complete removal of material which stimulates P*? uptake from 
the organie phase may depend upon the duration and severity of shaking and care- 
ful centrifugation. 

** This value is from pooled samples. 


was also added to solutions not requiring concentration before their 
passage through columns. All fractionation experiments were performed 
at 2-4°. 

Occurrence of Pepsin Inhibitor in Thyrotropin Preparations—It has 
recently been reported that pituitary extracts inhibit the milk-clotting 
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activity of pepsin (3). The best sources of inhibitor were found to be 
commercial thyrotropin preparations. Variable inhibitor potency was 
found in our starting material for chromatography (1, 3) and increased 
inhibitor potency was present in the 5 unit per mg. preparations. Typical 
values for inhibitor potency are given in Table I. | 
Countercurrent Distribution—Fig. 1 shows the results of a forty transfer 
distribution of a 5 unit per mg. preparation between n-butanol and 0.05 
M p-toluenesulfonic acid. The n-butanol was redistilled and was peroxide- 
free. For distribution, 20 to 30 mg. of material were first dissolved in 1 
ml. of water, and 9 ml. of aqueous (lower) phase were added. After the 
first equilibration with organic phase, a stable emulsion formed which 
broke upon centrifugation. A layer of solids at the interphase was re- 


Yy 
Yi}, n-butanol- 
AG 30 0.05 M p-toluenesulfonic acid 4 
wiz 
| 
- 
Lor 
4° 
fe) 10 20 30 40 


TUBE NUMBER 


Fic. 1. Countercurrent distribution of 25 mg. of a 5 unit per mg. preparation in 
n-butanol-0.05 M p-toluenesulfonic acid. The bar at the left represents the material 
which appears at the interphase (Fraction A). Optical density refers to ninhydrin 
color values (5). 


moved with a pipette. This material, Fraction A, represented by the bar 
graph in Fig. 1, was dissolved in a few ml. of water and the acid was re- 
moved. After forty transfers, the contents of tubes 0 to 10, 11 to 30, 
and 31 to 40, respectively, were combined and the acid was removed. 
Bioassay showed ‘“P*® uptake activity” in Fraction A and in the material 
distributing into the aqueous phase (tubes 0 to 10, Fraction B). Con- 
siderable loss of specific activity was encountered. These fractions pos- 
sessed no pepsin inhibitor activity. The material distributing into the 
organic phase (tubes 31 to 40) was high in pepsin inhibitor activity, but 
did not stimulate the uptake of P*. An experiment in which the p-toluene- 
sulfonic acid concentration was 0.2 M gave a similar distribution pattern. 

The following method, which exposes the 5 unit per mg. preparations 
to acid and organic solvent for only 0.5 hour, allows complete separation 


‘The authors are indebted to Mrs. Jessamine Hilliard for carrying out the assays 
for pepsin-inhibiting activity. 
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of the pepsin-inhibiting material, and yields a preparation which still 
assays 5 U.S. P. units per mg. (P® assay). 75 mg. of the 5 unit per mg. 
preparation are dissolved as before, and 15 ml. of aqueous phase are added. 
The solution is shaken fifteen times with organic phase, the phases are 
broken by centrifugation, and the solids at the interphase (Fraction A) 
are removed. ‘The solids are washed once in a centrifuge tube with fresh 
organic phase, dissolved in water, and dried from the frozen state after 
removal of the acid. The aqueous phase is reextracted with an equal 
volume of fresh organic phase (no further amount of interphase material 
appears to be formed), and Fraction B is obtained. The original organic 
phase is reextracted with fresh aqueous phase; 3 to 4 additional mg. of 
Fraction A appear. An equal volume of water is then added to the organic 
phase and the butanol and acid are removed. The solution yields a pink 
solid, the pepsin-inhibiting material. Fractions A and B are amorphous 
white solids. Table I shows the yields, biological activity, and sedimenta- 
tion constants of Fractions A and B and of the pepsin-inhibiting material. 
Both Fractions A and B sedimented as single symmetrical boundaries. 
The s29 of Fraction A is unchanged from that of the 5 unit per mg. prepara- 
tion while that of Fraction B is somewhat lower.°® 

Electrophoresis—Moving boundary electrophoresis (Spinco model H 
apparatus) of Fraction A and the 5 unit per mg. preparations was carried 
out. Essentially the same patterns were obtained for both preparations. 
At pH 9.2 (Veronal buffer, 0.1 ionic strength) the pattern showed one 
major peak with a mobility of —2.7 XK 10-*° sq. cm. per volt per sec. and a 
small slow moving peak, presumably the boundary anomaly. Samples 
for bioassay were withdrawn from the edge of the major peak on the as- 
cending limb and of the minor peak on the descending limb (8). Although 
a 50 per cent loss of activity occurred either during the electrophoresis or 
during the dialysis to recover the sample, at least 90 per cent of the re- 
maining activity was found in material represented by the major peak. 
At pH 6.0 (phosphate buffer, 0.1 ionic strength) the 5 unit per mg. material 
gave a similar pattern. At pH 4 two major boundaries were observed in 
the descending limb of the cell and an asymmetric boundary in the as- 
cending limb. Sampling and bioassay showed activity in material from 
the outer edges of both boundaries. The fastest moving boundary had a 
mobility of +0.8 K 10~-° sq. cm. per volt per sec. 

Chromatography of Thyrotropin Preparations on Cellulose Columns— 
Fraction A, Fraction B, and the 5 unit per mg. preparations were each 


6 }xperiments in which material was treated with trichloroacetic acid (6) in an 
attempt to prepare active material with an s2o of 1.0 (6, 7) did not lead to consistent 
results, although some active fractions with lower sedimentation constants (1.4 to 
2.2) were obtained. 
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chromatographed on cellulose columns (6). 4 mg. of material in 0.001 
M acetic acid were placed on 0.9 X 30 cm. columns of Whatman powdered 
cellulose, standard grade. With the 5 unit per mg. material about 60 
per cent was eluted with the solvent front and the remainder was eluted 
after application of a dilute NH,OH gradient; both eluates were active 
(P assay) and contained pepsin inhibitor. A second chromatography 
of 4 mg. previously retained at the acid pH showed all this material to 
be again retained. However, 4 mg. of the material previously not re- 
tained on the column were separated into two active components when 
again chromatographed. 90 per cent of Fraction A and essentially all of 
Fraction B were retained at the acid pH. 

Preliminary experiments have been carried out with an anion exchange 
cellulose (diethylaminoethylcellulose (9)). When a sample of Fraction A 
was placed on a column at pH 7.5, 0.005 m phosphate buffer, about 90 per 
cent of the biological activity and of the solids emerged beginning with 
the solvent front.® 

Carbohydrate Content—Thyrotropin preparations were tested for the 
presence of carbohydrate by the Molisch test. When 0.5 mg. of material 
was used, the 5 unit per mg. preparations as well as Fractions A and B 
from the countercurrent experiments gave a strong positive test. The 
pepsin-inhibiting material was carbohydrate-free. Analysis by the an- 
throne method (10) of the 5 unit per mg. preparations showed about 4 
per cent carbohydrate to be present. 

Bioassays—In addition to assay by P® uptake, assays by measurement of 
increase of thyroid weight (11), I'*' depletion (12), and the uptake of I'*! 
(13) in the thyroids of chicks were carried out. Within the limits of ac- 
curacy of the two I'*! methods, Fraction A showed a potency of at least 
5 U. S. P. units per mg. and 0.1 mg. caused a 2-fold increase in thyroid 
weight. Fraction B, tested by I'*' uptake and measurement of weight 
increase, gave the response corresponding to its potency in the P® assay. 
The pepsin-inhibiting material was inactive at comparable dose levels 
in all the tests. 


DISCUSSION 


It is significant that the ability to stimulate the uptake of +, the uptake 
of I'3!, the release of I'*!, and an increase in thyroid weight still resides in 
material which has passed through two different cation exchange coivmns 
(1) and has been freed from the pepsin inhibitor by the countercurrent 
extraction procedure. The activities are found in the same ratio (within 
the error of the various assays) as in the standard preparation of less potency 
not subjected to these procedures. The fact, however, that thyrotropin 


6 Wynston, L. K., and Pierce, J. G., unpublished work. 
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activity could not be made to distribute into the organic phase has pre 
vented demonstration by countercurrent techniques of the homogeneity 
of the active material. The inability of thyrotropin to distribute may be 
due to either the hydrophilic character of the carbohydrate moiety or 
the lack of positively charged groups to form a complex with the carrier 
acid.’ 

That thyrotropin activity can reside in preparations with different 
physical properties is demonstrated by the difference in solubility and 
sedimentation constants between Fractions A and B in the distribution 
experiments. Further evidence is afforded by the chromatographic 
behavior of various fractions on cellulose columns. It appears that 
conversion of one form to another form, or other forms, took place in acid 
solution both during this chromatographic procedure and in the extraction 
used to remove the pepsin inhibitor.’ Because of its changed solubility 
characteristics, Fraction A might be said to represent ‘‘denatured”’ material. 
It has, however, not lost specific activity or changed with respect to 82, and 
does not appear to have been extensively degraded as shown by electro- 
phoresis. The electrophoretic data indicate that the isoelectric point of 
the thyrotropin preparations, at the present level of purification, is between 
pH 4.0 and 6.0 rather than at the higher values previously reported (6, 15). 


The authors wish to express their appreciation to Mrs. Jessamine Hil- 
liard of the Department of Anatomy for her cooperation. They also 
wish to thank Dr. Warner H. Florsheim for the I'* release assay and 
Mr. Leslie K. Wynston for the analysis for carbohydrate by the anthrone 
procedure. The capable assistance at various times during the investiga- 
tion of Miss Judith Davis and Mrs. Caroline Klund is gratefully acknowl- 
edged. 


SUMMARY 


An extraction procedure based on countercurrent distribution experi- 
ments has been devised which separates thyrotropin (5 U. S. P. units 
per mg.) from a material which inhibits the clotting action of pepsin 
on milk. Evidence for the existence of more than one active form of 
thyrotropin was obtained in the extraction experiments as well as in 
electrophoretic and chromatographic studies. The thyrotropin prepara- 
tions, freed from inhibitor, were found to stimulate the uptake of both 


7 The latter possibility is argued against by the fact that preliminary experiments 
with dinitrofluorobenzene have shown that approximately 13 moles of e-amino groups 
of lysine are present per 10,000 gm. of Fraction A. 

8 Interconversions between active forms of growth hormone during chromatog- 
raphy have been demonstrated by Ellis and Simpson (14). 
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P® and I'*! into chick thyroids, the release of I'*', and an increase in thyroid 
weight. 


Addendum—As this manuscript was submitted, Condliffe and Bates (16) reported 


that the thyrotropic activity of their 5 unit per mg. material can be retained on 
diethylaminoethylcellulose at pH 9.5, a pH more alkaline than that used in prelimi- 
nary experiments with the same exchanger reported herein. A 3-fold increase in 
activity of their material was achieved. Whether such material of higher potency 
contains pepsin-inhibiting material remains to be investigated. 


who 
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ON THE ESTEROLYTIC ACTIVITIES OF 
PAPAIN AND TRYPSIN* 


By C. E. McDONALD anp A. K. BALLS 
(From the Department of Biochemistry, Purdue University, Lafayette, Indiana) 


(Received for publication, May 17, 1957) 


The ability of papain to split esters of the type hydrolyzed by trypsin 
has been reported from this laboratory (1) and has also been independently 
observed by other workers (2) at about the same time. The esters studied 
here were the methyl esters of a-N-benzoylarginine and its nitro deriva- 
tives. It was observed that the presence of a nitro group on the benzene 
ring of the ester altered considerably the sensitivity of the substance to 
both papain and trypsin. The extent and, in the case of trypsin, the di- 
rection of this change depended upon the position of the nitro group on > 
the ring. 

The presence of a nitro group in the ortho position was found to ac- 
celerate the hydrolysis of the ester with either enzyme. When the group 
occupied the meta or para position, the action of papain was still acceler- 
ated, though to a lesser degree, while the action of trypsin was retarded. 
The latter, however, returned to the level observed with the unnitrated 
substrate on the introduction of a second nitro group. In the case of 
papain, the position of the nitro group has considerable influence on the 
rate of complex formation between enzyme and substrate, and the results 
with the mononitro compounds can be explained on this basis. 


Materials and Methods 


Enzymes—Papain was prepared from dried latex and crystallized twice, 
as directed by Kimmel and Smith (2). Trypsin was a dry twice crystal- 
lized preparation of commercial origin (Worthington Biochemical Corpora- 
tion) containing MgSO,. Hydrolysis of the esters was measured by the 
method of titration at an approximately constant pH (3). It was observed 
that the activity of both enzymes toward the esters tested remained at an 
optimal level over a wide pH range. Measurements were made in a semi- 
microtitration vessel surrounded by a water jacket to permit regulation of 
the temperature, which was kept at 30.0° + 0.2°. The system, except 
as otherwise noted, consisted of 3.0 ml. of 0.012 m substrate, adjusted to 
the desired pH. The enzyme solution (0.025 to 0.050 ml.) was added to 
this by a micropipette. Alkali (usually 0.355 N) was added from a micro- 


* Published as Journal Paper No. 1109 of the Purdue University Agricultural 
Experiment Station. 
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TABLE I 


Notes on Preparation of Several Derivatives of 


a-N-Benzoylarginine Methyl Ester 


Derivative of arginine 
methyl ester 


a-N-Benzoyl-L- 
(bicarbonate), 
Cy 4H 
H.CO; 

a-N-o-Nitroben- 
zoyl-L-(bicar- 
bonate), 
H2CO; 

(Hydrochloride) 


a-N-m-Nitroben- 
zoy|-L-(hydro- 
chloride), 
HCl 

a-N-p-Nitroben- 
zoy]-L-(hydro- 
chloride), 
HCl 

a-N-p-Nitroben- 
zoyl-pL-(hy- 
drochloride), 
C, 
HCl 


a-N-3,5-Dinitro- 

benzoyl-L-(hy- 
drochloride), 
- 
HCl 

(Hydrochloride 
from bicarbo- 
nate) 


45 


Elementary analysis 


M.p. 
Cc 
149-151  Caleulated 50.8 
Found 50.69 
137-138 | Caleulated 45.1 
Found 45.08 
167-169 Calculated 45.0 
Found 44.80 
188-190 | Calculated 45.0 
Found 44.81 
121-123 Calculated 45.0 
Found 44.54 
142 Calculated 45.0 
Found 45.16 
175-177 | Calculated 40.2 
Found 40.19 
175-177t 


: Remarks 
H | N 
| 
6.2115.81 | —18°* 
6.04 16.01F 
| 
5.26117.55 lalp —24°* 
5.36 17. 69T 
5.3718.75 | Prepared by 
5.5118.54¢| method of 
| Bergmann et al. 
(5) 
la]p —25°* 
5.37 18.75 Prepared by 
5.38 18.68t; method of 
Bergmann ef al. 
(5) 
la]p —15°* 
5.37,18.75 | Made from bi- 
5.5418.47t| carbonate 
—170 
5.3618.75 | Racemization of 
5.54.18.51¢ p-nitrobenzoyl- 
L-arginine (cf. 
Bergmann et al. 
(5)) with pyri- 
dine and acetic 
anhydride (see 
du Vigneaud 
and Mever (7)) 
4.54 20.05 | Preparation by 
4.68 20.37t| method of 
Bergmann et al. 
(5) 
—15°* 


| | 

yield 

| per 

cent 

| 72 

| | 

| 54 

| 

| 

| 

| | 

| | 
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TaBLE I—Concluded 


* 5.0 gm. of the hydrochloride per 100 ml. of water. (Bicarbonate salts were first 
converted to the hydrochloride with an equivalent amount of 1.0 Nn HCl.) 


Dumas. 
t Mixed melting point of hydrochloride synthesized directly with that made from 


the bicarbonate remained unchanged. 


burette as required. When papain was used, the system also contained 
cysteine (0.02 mM) and sodium ethylenediaminetetraacetate (Versene) 
(0.004 m). However, considerable variation in the quantities of cysteine 
and Versene did not appear to make any notable difference in the results. 
When trypsin was used, the substrate was dissolved in about 0.002 M tris- 
(hydroxymethyl)aminomethane because the esters themselves have very 
little buffering capacity in alkaline solutions, and, without a trace of buffer, 
large fluctuations in the pH of the system are apt to occur. Protein nitro- 
gen was determined by the micromethod described by Kirk (4). 

Substrates—a-N-p-T oluenesulfonyl-L-arginine methyl ester was made as 
described by Bergmann, Fruton, and Pollok (5). <A similar method was 
also used in the preparation of a-N-m-nitrobenzoyl-L-arginine methyl 
ester and a-N-3,5-dinitrobenzoyl-L-arginine methyl ester. Although the 
remaining substrates had been prepared in the same general way, the yields 
were often poor, owing largely to the difficulty of obtaining crystalline 
intermediates. It was found that better yields were obtained with less 
manipulation by coupling arginine methyl ester with the appropriate acid 
chloride in a carbonate solution. The rather insoluble bicarbonate of the 
nitrobenzoylarginine ester precipitated in a short time, either in crystal- 
line form or as an oil that soon crystallized in the cold. The material was 
usually recrystallized as the hydrochloride from methanol-HCl. Complete 
experimental details, which of course vary somewhat in different cases, are 
given by McDonald (6). The following preparation will, however, serve 
as an example. 

a-N-Benzoyl-t-arginine M ethyl Ester—To 0.020 mole of L-arginine methyl 
ester dihydrochloride and 0.040 mole of K:CQO; in 40 ml. of water, we added 
0.020 mole of benzoyl chloride in 20 ml. of ether. The addition was made 
slowly, with vigorous agitation and enough cooling to keep the tempera- 
ture below 30°. After a few minutes a crystalline product precipitated. 
The ether was then evaporated in a current of air, and the crystals were 
collected on a filter, washed with 30 ml. of ice water, and finally recrystal- 
lized from 40 ml. of hot water (with rapid cooling). The yield was 72 per 
cent, according to the arginine used. Similarly prepared bicarbonates of 
nitro esters were often transformed to the corresponding hydrochlorides by 
solution in methanol containing a little dry HCl, and then precipitated by 
ether as crystalline salts. 

As the nitrobenzoylarginine methyl esters have not to our knowledge 
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been described before, some of their properties and the yields obtained are 
given in Table I. 


RESULTS AND DISCUSSION 


Experiments with Papain 


Mononitro Derivatives and Papain—The action of papain preparations on 
the esters of benzoylarginine and its nitro derivatives results in the forma- 
tion of titratable acid. This activity is clearly owing to a sulfhydryl en- 
zyme, for it was completely inhibited by p-chloromercuribenzoate and 
quantitatively recovered by the addition of cysteine. Moreover, the 
production of acid exactly paralleled the disappearance of the ester as 
determined by the method of Hestrin (8). Thus the observed reaction 
appears to be a straightforward esterolysis.' 

Esterolysis by papain required fairly high substrate concentrations in 
order to obtain a maximal velocity. Zero order constants were determined 
directly by measuring the rate at substrate levels at which it was found that 
a further increase in substrate caused no increase in rate. Such values 
are (Table II) expressed as specific activities, 7.e. milliequivalents of ester 
hydrolyzed per minute per mg. of enzyme protein nitrogen. The experi- 
ments listed are typical. The specific activity is here considered as a meas- 
ure of the rate of breakdown of the enzyme-substrate complex. It may be 
noted that there is little difference between the rates for the three mono- 
nitro esters and that the enzyme complex of the unnitrated parent ester 
breaks down about half as fast as the nitro derivatives. At lower substrate 
concentrations, the esterolysis appears to follow a “‘mixture”’ of first order 
and zero order kinetics, as illustrated in Table III. In most cases maxi- 
mal specific activity may be determined with considerable accuracy. The 
corresponding values of A,, were then calculated from the integrated form 
of Michaelis’ equation? and are given in Table III. The value of A,, ob- 
tained for the ortho nitro ester is seen to be decidedly less than that of 
any of the others, whose variation among themselves is not very striking. 
Since the respective k3; values of these compounds are virtually the same, 
it appears that the affinity of the enzyme for the ortho nitro ester must be 


1 The foregoing observations were made on purified but not crystalline enzyme. 

2 The form of the equation used was k;Et = 2.3 K,, log So/S + (So — S), as given 
by Neurath and Schwert (10). So is the original and S the final substrate concentra- 
tion, E the total concentration of enzyme, ¢ the time (minutes), and k;, ko, and k; 
are, respectively, the conventional rate constants for the formation of the enzyme- 
substrate complex (k,), its breakdown into enzyme and substrate (k2), and its break- 
down into enzyme and end products (k3). Am = (k2 + ks/k,), and k'**, the first 
order rate constant, = k3/km. For details, see Neurath and Schwert (10), and ap- 
propriate articles cited therein. 
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greater than for the others. The reasoning is similar to that employed by 
Snoke and Neurath (11). Thus the greater reactivity of the ortho ester 
may be explained as owing to its faster rate of complex formation. 

The first order rate constants (k'*t), also shown in Table III, permit a 
similar conclusion by indicating that in dilute substrate solutions the ini- 
tial velocity of hydrolysis of the ortho nitro ester would be about 4 times 


TABLE II 


Influence of Nitro Groups on Value of Zero Order Rate Constant Found with 
Papain Acting on Some Nitrobenzoylarginine Methyl Esters* 


tt S E Speci 
Arginine ester pH (ks) 
mole per I. N per ml. 
Benzoyl! 0.024 2.0 6.7 0.12 
0.048 2.0 6.2 0.12 
o-Nitrobenzoyl 0.012 4.0 6.7 0.25 
0.024 4.0 6.7 0.25 
m-Nitrobenzoyl 0.048 2.0 6.7 0.19 
0.036 0.28 6.2 0.17 
0.048 0.28 6.2 0.17 
0.28 6.2 0.24f 
p-Nitrobenzoy] 0.024 0.28 6.2 0.24 
0.036 0.28 6.2 0.25 
0.048 0.28 6.2 0.25 
3,5-Dinitrobenzoy] 0.28 6.7 0.16f 
2.8 6.7 0.14f 


* The system (3.0 ml.) consisted of substrate, cysteine (0.010 m), Versene (0.002 
M), except in experiments with the para nitro ester, and meta nitro ester when 0.28 
y per ml. of enzyme was used. In these cases the concentration of cysteine was 
0.004 m and that of Versene 0.0008 mo. 

t Estimated from Lineweaver-Burk plots (9). The highest value observed exper- 
imentally for the 3,5-dinitro ester was 0.11. 


that of the para compound, its nearest competitor. This is hardly addi- 
tional evidence, but it means that, if one assumes first order kinetics to 
obtain at low substrate levels, the same picture of the relative activities 
of these esters is obtained, perhaps more graphically. 

Mononitro Derivatives and Trypsin—Hydrolysis of the nitrobenzoylar- 
ginine methyl esters by trypsin followed zero order kinetics, which is in 
agreement with the findings of previous workers on benzoylarginine ester 
(3). We were not able to work accurately at substrate levels so low that 
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a first order reaction might have been approached. Zero order rate con- 
stants are easily determined, however. 
expressed in terms of specific activity. 


Values for these are (Table IV) 


TABLE III 
Ester Hydrolysis by Papain under ‘‘Mixed’’ First and Zero Order Kinetics* 
: Initial sub- 
Arginine ester con- Enzyme; pH Time — Kmt (= 
centration m 
mole per 1. ow a min per cent | mole per 1. 
Benzoyl 0.0120 | 43.0 | 6.2) 1.83 | 50.0 0.007 20 
0.0120 | 43.0 | 6.8) 1.72 | 50.0 0.006 20 
0.0120 | 48.0 | 6.2) 5.20; 90.0 0.0070 17 
0.0120 | 48.0 6.8) 4.65 | 90.0 0.0057 21 
o-Nitrobenzoyl 0.0060 17.0 | 6.2) 1.11 | 60.0 0.0012 210 
0.0060 17.0 | 6.2! 1.96 | 90.0 0.0013 220 
m-Nitrobenzoyl 0.0120 1.9 | 6.2) 10.0 | 21.5 0.0087 28 
0.0120 1.9 | 6.7 10.0 | 21.5 0.0087 28 
0.28 6.2 0. 0098§ 24 
p-Nitrobenzoy! 0.0120 1.9 | 6.2) 10.0 | 26.6 0.0050 48 
0.0120 1.9 6.7 10.0 | 26.6 0.0050 48 
0.0120 | 15.0 | 6.2; 2.5 | 50.0 0.0048 50 
0.0120 | 15.0 | 6.7) 2.5 | 50.0 0.0048 50 
0.0120 | 15.0 | 6.7| 3.6 | 90.0 0.0061 41 
DL isomer of 0.0240 1.9 | 6.2) 10.0 | 18.1] 
p-nitrobenzoy! 
3,5-Dinitrobenzoy] 0.28 | 6.7 0.0091§ 18 
2.8 | 6.7 0.011§ 13 


* The system (3.0 ml.) consisted of enzyme, substrate, cysteine 0.012 m, and 
Versene 0.0042 M, per cent hydrolysis taken at arbitrarily selected points on the usual 
curves of acid production versus time. 

t See footnote 2. 

t The values of k; used are given in Table II. 

|| Per cent of L isomer present. 

§ The K,» was determined from a Lineweaver-Burk plot (9). 


In definite contrast to papain, the introduction of a nitro group in the 
meta or para position of benzoyl methyl ester decreased the observed rate 
of esterolysis. In the ortho position, the nitro group had the same over-all 
effects as with papain, namely to increase the rate of hydrolysis. It is 


also noteworthy that, whereas p-nitrobenzoyl-p-arginine methyl ester was 
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inhibitory (or a very poor substrate) for papain (see Table III), it had no 
weer on the rate of esterolysis by trypsin. 
3 ,5-Dinitrobenzoylarginine Ester—The introduction of a - second nitro 


TABLE IV 
Influence of Nitro Groups on Tryptic Zero Order Rate Constants* 
Arginine ester Enzyme quantity pH Specific activity 
mg. N per ml. m.eq. ae mg. 
Benzoyl 0.0022 8.0 0.35 
0.0022 8.5 0.36 
0.0022 8.9 0.33 
o-Nitrobenzoyl 0.0011 7.5 0.83 
0.0022 8.0 0.86 
0.0011 8.0 0.90 
0.0011 8.5 0.87 
m-Nitrobenzoyl 0.0022 7.5 0.21 
0.0022 8.0 0.21 
0.0022 8.5 0.87 
p-Nitrobenzoyl 0.0043 7.5 0.12 
0.0043 8.0 0.12 
0.0043 8.5 0.12 
DL isomer of p-nitroben- 0.0043 8.0 0.12 
zoyl 
3,5-Dinitrobenzoyl 0.0022 7.6 0.37 
0.0022 8.0 0.36 
0.0022 8.5 0.36 
p-Toluenesulfonyl] 0.00043 7.5 2.0 
0.00043 8.0 2.6 
0.00043 8.5 2.6 


* With the exception of the p-nitro pL isomer, the test solutions consisted initially 
of 0.0120 m ester and 0.002 m tris(hydroxymethyl)aminomethane. The pL isomer 
was 0.0240 


group into m-nitrobenzoylarginine methyl ester changed the behavior of 
the substance with both trypsin and papafh, but in opposite ways. With 
trypsin (Table IV), the rate of hydrolysis of the dinitro derivative was 
faster than that of the mononitro derivative. Thus the second nitro group 
“neutralized” the retarding effect of the first. With papain (Table II), 
the presence of the second nitro group caused a marked decrease in the rate 
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of hydrolysis, as shown by the lower observed activity of the enzyme and 
the lower apparent specific activity calculated from Vax as obtained from 
a Lineweaver-Burk plot. However, the value of K, was changed only 
slightly. In this case the second nitro group has “‘neutralized’”’ much of 
the accelerating effect of the first. In both cases the behavior of the 
dinitro compound resembles that of the unnitrated parent compound. 


SUMMARY 


A series of new ester substrates for papain and trypsin, the methyl esters 
of the nitrobenzoylarginines, has been prepared and studied. The position 
of the substituent nitro group in the benzoyl moiety changes the sensitivity 
of the substrate to enzymatic hydrolysis. When the nitro group occupies 
an ortho position, hydrolysis is more rapid with either enzyme than it is 
in the case of benzoylarginine ester, the unnitrated parent compound. 
When the nitro group occupies a meta or the para position, the rate of 
hydrolysis by papain is greatly decreased but still remains higher than the 
rate for the parent ester, while the rates with trypsin are decreased below 
that for the parent substance. The introduction of a second nitro group 
(to form 3,5-dinitrobenzoyl-L-arginine ester) further depresses the rate of 
hydrolysis by papain, but decidedly increases the rate of trypsin. 

Papain and trypsin also differ in their action on p-nitrobenzoyl-pL-ar- 
ginine methyl ester. Papain is considerably inhibited by the presence of 
the p isomer; trypsin is unaffected. 

The greater reactivity of the ortho nitro ester with papain appears to be 
largely a consequence of the greater speed with which an enzyme-substrate 
complex is formed. The rate of decomposition of the complex into prod- 
ucts is roughly the same for any of the three positions of the nitro group 
but is lowered when nitro groups are introduced into both meta positions 
(to form 3 ,5-dinitro ester). On the other hand all the effects observed with 
trypsin seem to be due to the rates of breakdown of the enzyme-substrate 
complexes rather than to the speed of their formation. 
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THE CLEAVAGE OF 6-KETOADIPIC ACID BY 
NEUROSPORA CRASSA* 


By LEO OTTEYf ann E. L. TATUM 


(From the Department of Bacteriology, Dalhousie University, Halifax, Nova Scotia, 
and The Rockefeller Institute for Medical Research, New York, New York) 


(Received for publication, May 20, 1957) 


The formation of 6-ketoadipic acid has been shown to occur in the 
degradation of aromatic compounds by Neurospora, Pseudomonas, and 
Vibrio (1-3). Kilby (3) has shown that @-KAA!' is cleaved by resting 
cells of Vibrio to give succinic acid as one end product. Katagiri and 
Hayaishi (4) have found that cell-free extracts prepared from Pseudomonas 
grown on tryptophan degrade B-KAA to succinyl CoA and acetyl CoA. 
The mechanism proposed by these workers is similar to that proposed for 
the breakdown of acetoacetic acid and other 6-keto acids by mammalian 
tissue (5, 6). 

In the present report is evidence that the cleavage of B-KAA by a 
Neurospora enzyme requires CoA and sulfhydryl groups, that no detectable 
acyl CoA intermediates are found, and that the cleavage results in the 
formation of equimolar amounts of succinic and acetic acids. The enzyme 
is found in an aromatic amino acid-requiring mutant of Neurospora crassa 
(strain Y7655a) and in other strains of Neurospora exposed to an inducer 
of protocatechuic acid oxidase before harvesting. 


Materials and Methods 


Biological—The aromaticless (arom) mutant strain of N. crassa Y7655a 
was used as a source of material for these experiments. The strain was 
grown on minimal medium (7) with glucose (1 per cent) as the carbon 
source. The nutritional requirements were satisfied with 0.05 y of p- 
aminobenzoic acid, 0.025 mg. of L-tyrosine, 0.025 mg. of anthranilic acid, 
and 0.025 mg. of pt-phenylalanine per ml. (8). The mycelia were allowed 
to grow for 4 days before being harvested. 

Chemical—6-KAA was either prepared by the acid hydrolysis of ethyl-,- 


* Supported by research grant No. RG-5053 from the National Institutes of 
Health, United States Public Health Service, to L. Ottey, and in part by research 
grant No. C2167 from the National Institutes of Health, Public Health Service, and 
by a grant from the American Cancer Society, as reeommended by the Committee on 
Growth of the National Research Council. 

t Present address, Charles Pfizer and Company, Terre Haute, Indiana. 

' The following abbreviations will be used: B-KAA, 8-ketoadipie acid; CoA, co- 
enzyme A; ATP, adenosine triphosphate; Tris, tris(hydroxymethy])aminomethane. 


77 


| 
| 


78 B-KETOADIPIC ACID CLEAVAGE BY N. CRASSA 


keto-a-carbethoxyadipate generously provided by Dr. D. Shemin or 
purchased from the Sigma Chemical Company. 6-Ketoglutaric acid and 
Tris were also purchased from the Sigma Chemical Company, and CoA 
and ATP, inosine triphosphate, guanosine triphosphate, and uridine 
triphosphate were purchased from the Pabst Laboratories. Acetoacetic 
acid was prepared by the method of Seely (9). Cysteine and reduced 
glutathione were products of the Schwarz Laboratories, Inc. Succinyl 
CoA was prepared by the method of Simon and Shemin (10). 

Analytical—B-Keto acids were determined by decarboxylation with 
aniline citrate and measurement of the CO, liberation was determined by a 
Warburg apparatus (11). Succinic acid was determined by the use of a 
succinoxidase preparation from rabbit or beef liver, acetic acid by the 
acetylation of sulfanilamide by an enzyme from pigeon liver (12), and 
protein by the biuret method (13). 

Enzyme Preparation—The washed mycelium was ground with 0.5 part 
of sand in the presence of 2 parts of mannitol-phosphate buffer (75 gm. of 
mannitol, 2 gm. of KH2PQO,, and 6.1 gm. of KeHPQO, per liter) for 5 min- 
utes. The ground extract was centrifuged for 2 minutes at 250 X g and 
the sediment was again ground and extracted as before and recentrifuged. 
The combined supernatant solutions were centrifuged for 40 minutes at 
22,000 X g in a Servall model SS-1 apparatus. The supernatant solution 
was discarded and the reddish brown sediment resuspended in mannitol- 
phosphate buffer, and the centrifugation was repeated at 22,000 X g for 
40 minutes. The sediment was again suspened in mannitol-phosphate 
buffer and frozen. The enzymatic activity was liberated from this par- 
ticulate preparation by freezing and thawing three times. All enzymatic 
activity appeared in the supernatant solution after centrifugation for 40 
minutes at 22,000 X g in a Servall model SS-1 apparatus. All operations 
were carried out at 3-5°. 


RESULTS AND DISCUSSION 


Properties of Enzyme—Fractionation with ammonium sulfate indicated 
that the greater part of the activity was precipitated between 0.5 and 0.8 
saturation (Table I), but this fraction rapidly lost activity overnight even 
when stored at —5°. Attempts to purify the soluble enzyme were unsuc- 
cessful because of its instability. Dialysis of the preparation against 
water or cysteine solution led to complete inactivation. Activity was not 
restored by the addition of heated extract or by the addition of various 
metal ions. The properties described below are those of the untreated 
soluble enzyme. 

Specificity—Of the three 6-keto acids tested (acetoacetic, B-ketoglutaric, 
and B-KAA), only 6-KAA was degraded to any appreciable extent in 
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experiments up to 3 hours duration after correction for spontaneous 
decomposition. The extent of breakdown of B-KAA was proportional to 
the enzyme concentration (Fig. 1). 


TaBLeE 
Ammonium Sulfate Fractionation 


The reaction mixture contained Tris-HCl, pH 7.4, 140 umoles, cysteine 11.2 
umoles, CoA 0.3 mg., B-KAA 11.8 wmoles; volume 2.8 ml.; reaction time 2 hours; 
temperature 37°. 


Disappearance of 8-KAA Protein concentration 
pmoles mg. 
0-0.3 saturation.................. 0.9 0.50 


B-KETOADIPIC ACID (yM) 


5 0.4 0.8 1.2 
PROTEIN CONCENTRATION (MG./ML.) 
Fig. 1. 6-Ketoadipie acid cleavage as a function of varying protein concentrations. 
The reaction mixture contained Tris-HCl buffer, pH 7.4, 140 wmoles, B-KAA 7.7 
umoles, cysteine 11.2 wmoles, CoA 0.3 mg.; volume 2.8 ml.; reaction time 1 hour; 
temperature 37°. 


pH Optimum and Substrate Affinity—The pH optimum in Tris-HCl 
buffer is at 7.4. Enzymatic activity declined more rapidly on the acid 
side of the optimum than on the alkaline side. 

The K,, value for B-KAA was 2.29 X 10-? M as determined by the method 
of Lineweaver and Burk (14). 
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Cofactor Requirements—The effects of CoA and cysteine upon the break- 
down of 6-KAA are shown in Figs. 2 and 3, respectively. Maximal activity 
was found when the reaction mixture contained 0.20 mg. of CoA and 12 
umoles of cysteine per 2.8 ml. In the presence of these cofactors the reac- 
tion proceeded equally well under anaerobic or aerobic conditions. Cys- 
teine could be replaced by an equimolar concentration of reduced gluta- 
thione. CoA could not be replaced by reduced glutathione, ATP, inosine 
triphosphate, guanosine triphosphate, and uridine triphosphate. Some 
preparations showed a complete dependence upon added CoA, whereas 
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CONCENTRATION CoA (MICROGM.) 


Fic. 2. 8-Ketoadipic acid cleavage as a function of varying CoA concentrations. 
The reaction mixture contained Tris-HCl buffer, pH 7.4, 140 wmoles, B-KAA 11 
pmoles, cysteine 11.6 wmoles, protein 2 mg.; volume 2.8 ml.; reaction time 2 hours; 
temperature 37°. 


other preparations apparently contained some residual CoA. Treatment 
of these preparations with Dowex 1 to remove the residual CoA resulted 
in the complete and irreparable loss of enzyme activity. 

Attempts to Find Acyl CoA Intermediates—The data of Katagiri and 
Hayaishi (4) suggest that acyl CoA derivatives are involved in the cleavage 
of B-KAA by the Pseudomonas system. The addition of succinyl CoA as 
an acyl CoA donor, which is an essential component of the Pseudomonas 
system, in concentrations up to 0.2 ymole did not influence the breakdown 
of B-KAA by the Neurospora system (Table II). The results in Table II 
indicate that neither succiny] CoA as an acyl CoA donor nor an energy 
donor (ATP) is required by the Neurospora in contrast to the Pseudomonas 
system. 
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Since 8-keto acyl CoA derivatives have an absorption maximum of 303 
my (4, 6) at an alkaline pH, mixtures of B-KAA enzyme, succinyl CoA, 
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CYSTEINE (uM) 

Fic. 3. 8-Ketoadipic acid cleavage as a function of varying cysteine concentra- 
tions. The reaction mixture contained Tris-HCl buffer, pH 7.4, 140 wmoles, B-KAA 
12 umoles, CoA 0.3 mg., protein concentration 2.5 mg.; volume 2.8 ml.; reaction time 
2 hours; temperature 37°. 


TABLE II 
Effect of Succinyl CoA and ATP 
The reaction mixture contained Tris-HCl, pH 7.4, 140 umoles, 8-KAA 9.7 umoles, 
protein 2.56 mg., and the following additions as indicated: cysteine 11.2 umoles, CoA 
0.3 mg., succinyl CoA 0.2 wymole, ATP 10 uwmoles; volume 2.8 ml.; reaction time 3 
hours; temperature 37°. 


Additions Disappearance of B-KAA 
pmoles 


cysteine, and Mgt+ were examined in a Beckman DU spectrophotometer 
at this wave length. No increase in optical density was observed over a 
period of 1 hour. The preparations did not contain an active deacylase 
since the absorption of succinyl CoA at 230 to 240 my remained constant 
throughout the experiment. 
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The addition of various uncoupling agents, 2 ,4-dinitrophenol (2 umoles), 
arsenate (4 wmoles), and azide (9 uwmoles), did not affect the reaction. 

The absence of an increase in optical density at 303 my in the presence of 
succinyl CoA, the non-requirement of an energy or acyl CoA donor, and 
the failure of uncoupling agent to inhibit the reaction tend to preclude the 
involvement of acyl CoA derivatives in the breakdown of B-KAA by the 
Neurospora system. 

Reaction Products—Succinic acid was determined on reaction mixtures 
in which enzymatic activity was halted by boiling for 3 minutes or by the 
addition of HCl, followed by neutralization. The succinoxidase prepara- 
tion was not affected by the presence of either levulinic or B-KAA acid. 
For the determination of acetic acid the reaction was halted by boiling 
the reaction mixture for 3 minutes. The method used to determine acetic 


TaB_e III 
Stoichiometry of Enzymatic Conversion of B-KAA to Succinic and Acetic Acids 
The reaction mixture contained Tris-HCl, pH 7.4, 140 wmoles per ml., 8-KAA 8.45 
umoles per ml., cysteine 5.2 wmoles per ml., CoA 0.107 mg. per ml.; protein concen- 
tration 1.0 mg. per ml.; volume 14 ml.; reaction time 2 hours; temperature 37°. 
The values are given as micromoles per ml. 


Experiment No. Disappearance of 8-KAA Succinic acid formed | Acetic acid formed 
—— 
1 7.95 6.95 6.00 
2 4.56 4.16 3.84 


acid was not influenced by the presence of succinic, levulinic, or 6B-KAA 
acid to any extent. The results obtained (Table II1) suggest that the 
cleavage of B-KAA proceeds as follows: 

HO.CCH;COCH.CH,CO.H HO.CCH;CH.CO;H + CH,COOH 


+ 
— SH 


SUMMARY 


An enzyme which cleaves 6-ketoadipic acid to succinic and acetic acids 
in equimolar amounts has been obtained from Neurospora crassa. The 
pH optimum for the reaction is 7.4. The enzyme was found to have a 
K,, of 2.29 K 10-° m and requires the addition of coenzyme A and a sulf- 
hydryl donor for maximal activity. Unlike the results with a similar 
enzyme from Pseudomonas, no indication of acyl coenzyme A derivatives 
was found. 
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STEROID ISOLATION STUDIES IN CONGENITAL 
ADRENAL HYPERPLASIA* 


By DAVID K. FUKUSHIMA anp T. F. GALLAGHER 


(From Division of Steroid Metabolism and Biochemistry, Sloan-Kettering 
Institute for Cancer Research, 
New York, New York) 


(Received for publication, May 20, 1957) 


Recent synthetic studies of the preparation of 17a,20a-dihydroxy- 
steroids from 17a-hydroxy-20-ketosteroids and 17a ,208-epoxy-20a-acetoxy- 
steroids have furnished hitherto undescribed compounds for comparison 
with ‘“‘non-ketonic”’ urinary components (1). With these reference com- 
pounds in hand, two new metabolites were identified from urine of a pa- 
tient with congenital adrenal hyperplasia. These compounds were allo- 
pregnane-3a,17a,20a-triol (1) and pregnane-3a,11-178,20a-tetrol (II). 
A third component was obtained, 11-ketopregnane-3a , 17a ,20a-triol (III), 
previously isolated and characterized by Finkelstein, von Euw, and. Reich- 
stein (2). A fourth glycol, allopregnane-3a,17a,208-triol, was identified 
by infrared spectrometry and paper chromatography but was present in 
insufficient amount for isolation in the conventional manner.' Large 
amounts of other neutral steroids were found in this urine after enzymic 
hydrolysis. These are listed in Table I. 

Derivatives of allopregnane with a hydroxyl group in the a orientation 
at C-3 have previously been isolated from human urine; their precursors, 
however, have been steroid hormones, such as progesterone and corti- 
costerone, which lacked the 17a-hydroxyl group. ‘The presence in urine 
of the 3a-hydroxyallopregnane compounds described in this investigation 
demonstrates that the A‘-3-keto group of 17-hydroxylated adrenal hormones 
can be reduced in vivo to saturated alcohols of this type. It is therefore 
highly probable that 3a-hydroxyallopregnane derivatives are metabolites 
of hydrocortisone and will be found in urine; the synthesis of these sus- 
pected end products is in progress. 

* This investigation was supported in part by a grant from the American Cancer 
Society and a research grant (No. C-440) from the National Cancer Institute of the 


National Institutes of Health, United States Public Health Service. 
‘The isolation of 3a,17a-dihydroxyallopregnane-20-one from the urine of this 


patient was previously reported (3). 
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H-C-—OH 
eeeOH 
HO I 
CH3 CH3 
H-—C-—OH H-C-OH 
OH °OH 
HO HO 
Fic. 1 
EXPERIMENTAL? 


A 6 day collection of urine of a man with congenital adrenal hyperplasia’ 
was treated with 6-glucuronidase* at pH 5 and 37° for 5 days. The urine 
was adjusted to pH 1 and was continuously extracted with ether for 48 
hours. The neutral fraction was obtained in the usual way. The residual 
urine and the alkaline washes from the initial extract were combined and 
were acidified to 1 N sulfuric acid. After continuous ether extraction for 
48 hours, the neutral fraction was prepared as before. The individual 
neutral fractions were separated into ketonic and non-ketonic fractions 
by means of Girard’s Reagent T and the former was separated into a- and 
B-ketosteroid subfractions with digitonin. A portion of each subfraction 
was chromatographed on paper; the results are reported in Table I. 

The non-ketonic fraction from the enzyme-hydrolyzed portion only was 
submitted to a series of chromatographic separations with use of the 
partition systems described by Katzenellenbogen and coworkers (4). 
Various eluates were examined by infrared spectrometry and, where 
individual components or simple mixtures were recognized, the appropriate 
eluates were combined and purified. More complex mixtures or portions 
of the chromatogram which contained material with a distinctive but 


2 All melting points are corrected. 

3 We thank our colleagues Dr. Olaf Pearson and Dr. Willet F. Whitmore for making 
this patient’s urine available for the study. A description of the clinical studies 
will be reported elsewhere. 

4 The enzyme, §-glucuronidase, used for hydrolysis was obtained from the Warner- 
Chilcott Laboratories, a division of Warner-Lambert Pharmaceutical Company, 
New York; it is commercially available under the trade name Ketodase. 
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unrecognized spectrum were combined and rechromatographed until the 
infrared spectrum was only slightly altered by further fractionation. In 
addition, selected areas of the chromatogram were examined by partition 
chromatography on paper for evidence of homogeneity of the constituents. 
In all, eight chromatograms, divided into approximately 4000 fractions, 
were employed during the isolation of the various pure compounds. Only 
a brief description is given of the details of isolation of the steroids identi- 
fied. 

Pregnane-3a ,17a,20a-triol—When transfer of the non-ketonic extract 
(949 mg.) to the initial chromatogram was attempted, a large residue, 
insoluble in methylene chloride, was obtained. This product (228 mg.) was 
recrystallized from methanol and afforded 202 mg. of pure pregnane-3a, 
17a,20a-triol, m.p. 249.5-252°; reported m.p. 252° (5), together with 
20 mg. of less pure material judged to be principally pregnanetriol from 
the infrared spectrum. In addition, 170 mg. of pregnane-3a,17a,20a- 
triol, m.p. 249-251°, were obtained from the chromatogram. Thus a 
single compound represented over 40 per cent of the weight of the crude 
non-ketonic fraction. 

A'*. 4ndrostene-3a-ol—This compound was the first steroid substance 
eluted from the chromatogram of the non-ketonic fraction. Trace 
amounts, insufficient for conventional isolation, were present; the infrared 
spectrum of the material was indistinguishable from the known compound 
(6). Two compounds, probably steroids but as yet unrecognized, were 
eluted after this product. 

Pregnane-3a ,20a-diol—Approximately 25 mg. of this compound were 
obtained from the chromatogram. Although the product was not com- 
pletely pure, the infrared spectrum provided conclusive identification. 

Etiocholane-3a ,17a-diol—A small amount of this substance, identified 
by infrared spectrometry, was found in the chromatogram after pregnane- 
diol. 
11-Ketopregnane-3a ,20a-diol—6 mg. of this compound were crystal- 
lized from the eluates obtained after etiocholane-3a,17a-diol and identi- 
fied by infrared spectrometry. The substance has been described in a 
previous report from these laboratories (7). 

Allopregnane-3a , 17a ,20a-triol—Eluates containing this material (20 
mg.) were obtained with 5 per cent ethanol in methylene chloride. A 
portion of this product was rechromatographed on paper in the system 
cyclohexane-toluene-propylene glycol to yield 4 mg. of product which after 
recrystallization from methanol melted at 228-230°, and its melting point 
was not depressed upon admixture with authentic allopregnane-3a,17a, 
20a-triol, m.p. 227.5-230° (1). The infrared spectrum was indistinguish- 
able from that of the reference substance. 
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TABLE I 
Steroids Isolated from Urine of Patient with Congenital Adrenal Hyperplasia 
17-Ketosteroids 
mg. per day 
3a-Hydroxyandrostane-11,17-dione...................... 1.6 
3a-Hydroxyetiocholane-11,17-dione...................... 8 
6.3 
3a,118-Dihydroxyetiocholane-17-one..................... 1.7 
38-Hydroxyetiocholane 17-one........................... 1.4 
0.8 
38-Hydroxyetiocholane-11,17-dione...................... Trace 
20-Ketosteroids 
Trace 
3a,17a-Dihydroxypregnane-20-one....................... 12 
38 ,6a-Dihydroxyallopregnane-20-one..................... Trace 
Non-ketonic steroids 

4 
1 
3 
Trace 
12 
4 


Quantitative values for the 17-ketosteroids were obtained by paper chromatog- 
raphy and application of the modified Zimmermann reaction (8, 9). The quantita- 
tive estimation of the other steroids is based on the amount isolated and is there- 
fore a minimal value. 

In addition to these compounds there were several artifacts found in the extract. 
These included traces of 3a-hydroxy-17a-pregnane-20-one and the p-homosteroids 
derived from 3a, 17a-dihydroxypregnane-20-one. There were, as well, other steroids 
present as indicated from the infrared spectra of several fractions from the chroma- 
togram. 


Allopregnane-3a , 17a ,208-triol—A small amount of this product was 
identified by infrared spectrometry in the paper chromatogram of the 
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previous compound; the amount present was insufficient for isolation in 
crystalline form. 

11-Ketopregnane-3a , 17a ,20a-triol—Immediately after pregnane-3a,17a, 
20a-triol, 75 mg. of almost pure 11-ketopregnane-3a,17a,20a-triol were 
eluted with 5 per cent ethanol in methylene chloride. The diacetate, 
obtained with acetic anhydride in pyridine and crystallized from acetone- 
methanol and from methanol, weighed 65 mg.; m.p. 225-227°; the in- 
frared spectrum was identical with that of the reference compound (2); 
there was no depression of melting point upon admixture with the syn- 
thetic compound, m.p. 225—226°. 

Pregnane-3a ,118 ,17a,20a-tetrol—Continued elution with 5 per cent 
ethanol in methylene chloride yielded 46 mg. of product containing this 
tetrol. Rechromatography on paper in the system chloroform-formamide 
gave 22 mg. of the free alcohol which was difficult to crystallize. Acetyla- 
tion yielded pregnane-3a,118,17a,20a-diol 3,20-diacetate, m.p. 209°, 
215-218°. Upon admixture with the authentic sample, the m.p. was 212- 
218° (1); the infrared spectrum was identical with that of the synthetic 


sample. 


DISCUSSION 


It is known that a considerable number of non-ketonic steroids are 
present in human urine and that this steroid fraction can increase to 
relatively enormous amounts in patients with certain adrenal disorders. 
However, little precise information is available about the non-ketonic com- 
ponents, primarily because of inadequacy of methods for separation and 
quantitative determination of these polar steroids. The importance of 
non-ketonic metabolites has recently been emphasized by the observation 
that in man hydrocortisone is metabolized to an appreciable extent to 
yield completely saturated alcohols such as the cortols or compounds con- 
taining only a single unreactive carbonyl group, e.g. the cortolones (10). 
Since the existence of other related hydroxylated steroids was suspected, 
an examination of the non-ketonic components present in an extract of 
urine from a patient with congenital adrenal hyperplasia was undertaken. 
It was anticipated that with this disorder steroids normally present only in 
trace amount would be greatly increased in concentration. A_ better 
opportunity for identification would thus be afforded. In addition, it 
was felt that the unusual steroid pattern of the urine of the individual 
selected for the study was intrinsically interesting. 

The study, while indicative of certain major pathways in the metabolism 
of steroid hormones, is perhaps more valuable for the information it may 
yield toward a proper approach to the study of the non-ketonic fraction. 
It is pertinent to note that the choice of a subject with congenital adrenal 


90 STEROID ISOLATION STUDIES 


hyperplasia, while offering an opportunity to obtain isolable amounts of 
normally minor constituents, presented other technical difficulties in the 
isolation of steroids. Especially significant in this respect was the diffi- 
culty incurred by the relatively much larger amount of pregnane-3a, 17a, 
20a-triol in the extract. This relatively insoluble component was dis- 
tributed throughout a large number of fractions in the chromatogram and 
probably obscured small amounts of other products of comparable polarity. 
Equally, through its action as a displacement agent, it may have caused the 
elution of other compounds in unexpected positions in the chromatogram. 
Allied to these difficulties was the similar problem presented by the presence 
of relatively large amounts of 21-deoxysteroid which made difficult the 
identification of smaller amounts of related materials. For these reasons, 
our failure to isolate or identify certain expected components must be 
viewed with a certain reserve. 

Comments on Congenital Adrenal Hyperplasia—The endocrine aspects 
of this disorder have received considerable attention (11-13). It is estab- 
lished that an inadequate synthesis of hydrocortisone is a fundamental 
defect in congenital adrenal hyperplasia. With this imperfection in mind 
it is important to emphasize the steroid pattern of the patient reported in 
this investigation and to compare that reported for the patient studied by 
Eberlein and Bongiovanni (11). Neither subject appeared capable of 
effecting all the stages of hydrocortisone biosynthesis. Among the twenty- 
five separate steroids found in the urine of our subject, there was no com- 
pound with a C-21 hydroxyl group. This negative finding, which should 
probably not be overemphasized, taken together with the demonstrated 
presence of large amounts of 21-carbon compounds oxygenated in all of 
the other positions characteristic of the hydrocortisone molecule, clearly 
indicates that one feature characteristic of this particular patient’s adrenal 
abnormality was the relative inability to oxygenate C-21. There was, in 
addition, such a large amount of 11-oxygenated steroid isolated that there 
can be no question the adrenals of this patient were capable of more than 
adequate oxidation of C-11. These facts must be considered together 
with the evidence of enormous production of 11-deoxysteroid shown in 
Table I. Thus this patient exhibited a serious deficiency of 21-hydroxyla- 
tion with an excessive amount both of steroids intermediate in hydro- 
cortisone production and ‘adrenal androgen,” defined by the metabolites 
androsterone and etiocholanolone (14). The patient of Eberlein and 
Bongiovanni was capable of a high level of C-21 hydroxylation as evidenced 
by the large quantity of metabolites of Reichstein’s Substance 8. Coupled 
with this, there was a complete absence of C-11l-oxygenated steroids to- 
gether with an androsterone and etiocholanolone output almost the same 
as our subject. 
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Therefore, two patients with the same fundamental disorder of inade- 
quate hydrocortisone production each exhibited a different biochemical 
consequence of the imperfection. The one lacked the chemical mechanism 
to introduce oxygen at C-11; the other had a serious deficiency in oxygena- 
tion of C-21; otherwise both had all the necessary means to produce large 
amounts of steroids related to hydrocortisone. The excessive production 
of ‘adrenal androgen”’ was manifest in both subjects by the abundance of 
androsterone and etiocholanolone. 

From these examples it can be concluded that the fundamental defect 
associated with congenital adrenal hyperplasia may be manifest by more 
than one chemical aberration. A consideration of these will be reported 
elsewhere. It should be emphasized, however, that the virilization asso- 
ciated with this condition is clearly reflected by the elevated production 
of androsterone and etiocholanolone. These two compounds are the 
principal steroids derived from the ‘‘adrenal androgen.” By virtue of the 
increased adrenocorticotropin secretion resultant from deficiency of hy- 
drocortisone, the normal elaboration of this adrenal component is elevated 
to a degree sufficient to produce the masculinization. Accordingly, the 
array of C-21 steroids is an expression of the relative inability of the gland 
to complete the synthesis of hydrocortisone, and the elevated androsterone 
and etiocholanolone excretions are a manifestation of the increased com- 
pleted synthesis of the “‘adrenal androgen” precursor. 


SUMMARY 


1. The isolation of pregnane-3a,118,17a,20a-tetrol and allopregnane- 
3a,17a,20a-triol from the urine of a patient with congenital adrenal 
hyperplasia is described. 

2. Evidence for the presence of allopregnane-3a,17a,208-triol was 
obtained. 

3. In addition, twenty-two previously described steroids were isolated 
and measured. The major ‘‘non-ketonic” urinary steroids were pregnane- 
3a,17a,20a-triol (65 mg. per day) and 11-ketopregnane-3a, 17a ,20a-triol 
(12 mg. per day). 

4. Some comments are made on the chemical manifestations of the 
defect in steroid hormone synthesis associated with congenital adrenal 


hyperplasia. 


The authors wish to express their gratitude to Dr. A. Kappas and Dr. 
E. A. Tsutsui for their cooperation with paper chromatography. We 
also wish to express our appreciation to the large group of devoted research 
assistants and technicians who made much of the work possible. The 
routine chemical and chromatographic separations were carried out by a 
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group under the supervision of Ruth Jandorek. The infrared spectrometry 
was under the supervision of Friederike Herling. 


Addendum: We have recently had the opportunity to examine the urine of the 
patient by newer methods now available. It is quite clear that he is able to 
achieve a certain level of C-21 hydroxylation as shown by the isolation of cortol, 
cortolone, “tetrahydro E,” and “tetrahydro F” from his urine. The amount of 
these compounds present was at the lower limit of the normal range, by compar- 
ison with a small group of normal subjects. We take this opportunity to call 
attention to the limitation in C-21 hydroxylation, in contrast to a total absence 
of this reaction which might be misconstrued from consideration of the compounds 
isolated during the study described. 
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(Received for publication, June 3, 1957) 


Carbamy] phosphate has been shown to be a substrate in the conversion 
of ornithine to citrulline (1) and in the conversion of aspartic acid to 
ureidosuccinic acid (2). In the present investigation, carbamyl phosphate 
at moderately low concentrations was found to inhibit the growth of 
Streptococcus lactis and Lactobacillus arabinosus. This growth inhibition 
by carbamyl] phosphate is prevented by citrulline, purines, and uracil in a 
manner suggesting that carbamyl phosphate inhibits the biosyntheses of 
these metabolites. Studies with S. lactis on the effect of carbamyl phos- 
phate on citrulline synthesis have shown that cells grown in the presence 
of carbamy] phosphate yield cell-free preparations which have less ability 
to convert ornithine to citrulline than preparations from control cells. 
Also, at high concentrations carbamyl phosphate inhibits its own interac- 
tion with ornithine in cell-free preparations. 


EXPERIMENTAL 


Materials—The authors are indebted to Dr. C. G. Skinner for dilithium 
carbamyl phosphate prepared by the method of Jones e¢ al. (1). 

Growth Assays—L. arabinosus 17-5 and S. lactis 8039 cells for inoculation 
were grown for 16 to 18 hours at 30° in a yeast extract-peptone medium 
(3). From these cultures, 1 ml. was transferred aseptically to a fresh 
inoculum tube and allowed to grow for 6 to 8 hours at 30°. The cells 
were centrifuged, washed with 10 ml. of sterile saline, and resuspended 
in 10 ml. of sterile saline. The suspension of L. arabinosus was diluted 
1:100 with sterile saline; that of S. lactis was diluted 1:20. 1 drop of the 
dilution was added to each assay tube. 

The assay procedure and medium were the same as those described 
previously (4) with the following exceptions: arginine, adenine, guanine, 
and uracil were omitted from the basal medium, 200 myugm. of calcium 
pantothenate per ml. were added, the glutamic acid concentration was 
increased to 100 y per ml., and for assays with S. lactis the aspartic acid 
concentration was increased to 100 y per ml. Carbamyl phosphate, when 
supplemented as indicated in Tables I and II, was dissolved in sterile 


* Predoctoral Fellow of the National Science Foundation, 1955-56. 
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water just prior to use, neutralized to pH 7 with hydrochloric acid, and | 


added aseptically to the autoclaved assay tubes. Additions of citrulline 
and sodium bicarbonate were made in the same manner without adjusting 
the pH. The assay tubes were incubated at 30° for the indicated periods 
of time, and the amount of growth was determined turbidimetrically in 
terms of galvanometer readings so adjusted that distilled water reads 0 and 
an opaque object 100. 

Enzyme Assays—The growth medium described above was modified by 
adding L-arginine (10 y per ml.), adenine, guanine, and uracil (4 y each 
per ml.) and by decreasing the aspartic acid concentration to 40 y per 
ml. After sterilization 0.5 ml. of the washed, undiluted, 16 to 18 hour 
culture of S. lactis described above was added for each 100 ml. of medium 
in the flask. After 24 hours of growth at 30°, the cells were washed twice 
in a medium which was also used in the study of the effect of biotin on the 
enzyme system and consisted of the basal growth medium from which 
biotin was omitted and of which the pH was adjusted to 8. To obtain 
cell-free preparations, the cells (0.5 mg. per ml.) were suspended in the 


wash medium and exposed to sonic oscillation for 20 minutes. The © 


disrupted cell suspensions were centrifuged at 5000 X g to obtain the cell- 
free supernatant preparation. 

The cell-free preparation (0.1 ml.) was incubated for 2 hours at 30° with 
the dilithium salt of carbamyl phosphate, 20 umoles; magnesium chloride, 
2.5 umoles; pi-ornithine, 20 umoles; and tris(hydroxymethyl)aminometh- 
ane buffer, 10 uwmoles, pH 8, in a total volume of 1 ml. The amount of 
citrulline produced was determined by a method previously described (5). 


RESULTS AND DISCUSSION 


In studying the growth requirements of certain lactic acid bacteria it 
was found that L. arabinosus will grow in the absence of arginine if uracil 
is also omitted from the medium (6). 8S. lactis will grow in the absence of 
arginine and uracil only if supplemented with ornithine. Under these 
conditions, the addition of relatively low concentrations of carbamyl 
phosphate to the growth medium inhibits the growth of both of these or- 
ganisms, as seen in the first column of Table I. To determine whether 
this inhibition is caused by carbamy] phosphate or a trace contaminant, 
the inhibitory actions of heated and unheated carbamy]! phosphate solu- 
tions were compared. After carbamyl phosphate has been autoclaved 
with the medium or heated at 100° for 1 minute at pH 2, the reaction mix- 
ture is less than 5 per cent as active as the untreated compound both in 
inhibiting growth and in reacting with ornithine enzymatically. Upon 
acidification of carbamyl phosphate solutions to pH 2 and heating at 70°, 
the rates of destruction for both the inhibitory activity and the citrulline- 
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synthesizing activity are identical within the experimental error of the 
two assays. Potassium cyanate is inhibitory for these organisms at 
approximately the same concentration as carbamyl phosphate, and the 
inhibitory activity is destroyed on autoclaving with the medium. Bio- 
autograph studies, however, reveal that carbamyl phosphate gives a single 


TABLE I 


Effect of Bicarbonate, Citrulline, Purines, and Uracil 
on Toxicity of Carbamyl Phosphate 


Supplements* 
Carbamyl N B Pp C Cc C+P C+P+ 
Galvanometer readings 
Test organism, S. lactis, incubated 27 hrs.f 
mg. per ml 
0 53 53 5A 56 56 53 56 53 
0.04 39 50 47 52 56 51 
0.1 6 45 35 34 55 48 53 
0.2 36 2 39 15 47 50 
0.4 5 3 3 18 48 
1 1 5 
Test organism, L. arabinosus, incubated 27 hrs. 
0 64 74 72 76 80 78 83 85 
0.1 40 66 61 66 75 72 
0.2 20 37 36 56 60 57 
0.4 10 17 21 28 30 37 78 
1 4 0 3 2 7 66 68 
2 58 64 
4 2 0 


* Supplements of eodiunt bicarbonate (B), 100 7; ptL-citrulline (C), 20 7; purines 
(P), 4 y each of adenine and guanine; and uracil (U), 4 y per ml., added as indicated. 
t Medium supplemented with 20 y of pL-ornithine per ml. 


zone of growth inhibition with an Ry distinctly different from that of 
cyanate. 

The effects of bicarbonate, citrulline, purines, uracil, and combinations 
of these compounds on the inhibitory action of carbamyl phosphate on the 
growth of L. arabinosus and S. lactis are shown in Table I. Citrulline 
increases 2-fold the amount of carbamyl phosphate necessary for inhibition 
of both organisms. The reversal of carbamyl phosphate toxicity by 
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arginine is approximately the same as that shown by citrulline for both 
organisms. Ornithine shows no reversal of the inhibition for L. arabino- 
sus, and proline has no effect on the inhibitory level of carbamy] phosphate 
for either organism. The addition of adenine and guanine increases 2-fold 
the amount of carbamyl phosphate necessary to inhibit growth. 

For S. lactis the addition of citrulline and purines increases the amount 
of carbamyl phosphate required for inhibition 2-fold over that obtained 
upon addition of either one alone. The addition of uracil, in addition to 
citrulline, is not quite as effective as the purine supplement. The effect of 
uracil alone or uracil and purines cannot be tested because of the toxicity 
of uracil in the absence of citrulline or arginine. A combination of all 
three metabolites reverses more effectively the inhibition of carbamy] 
phosphate than either combination of two of the metabolites. For L. 


arabinosus the combination of citrulline with uracil or purines is no more ~ 


effective than citrulline alone. However, the combination of all three 
metabolites increases 4-fold the amount of carbamyl phosphate required 
for growth inhibition over that required with citrulline alone. 

In the presence of citrulline and purines, uridine, cytidine, or uridylic 
acid replaces uracil in reversing the toxicity of carbamyl phosphate for S. 
lactis. These pyrimidines, like uracil, are toxic in the absence of citrulline 
or arginine. For L. arabinosus uridine is equally as, if not more, effective 
as uracil in reversing the inhibition, whereas cytidine or uridylic acid 
shows only a slight effect. The other pyrimidines and pyrimidine pre- 
cursors tested (ureidosuccinic acid, orotic acid, thymine, cytosine, thymi- 
dine, cytidylic acid, thymidylic acid, and uridine 5’-phosphate) have no 
effect on carbamy] phosphate toxicity for either organism. 

For both S. lactis and L. arabinosus, hypoxanthine replaces the combina- 
tion of adenine and guanine in reversing growth inhibition by carbamy] 
phosphate. Guanine alone has only a slight effect on the inhibition and 
does not augment appreciably the effect of adenine on L. arabinosus as 
indicated in Table II. 5-Amino-4-imidazolecarboxamide, which replaces 
purines in stimulating growth of L. arabinosus, also reverses the toxicity 
of carbamyl phosphate almost as well as adenine in L. arabinosus. S. 
lactis does not utilize the amine even in the absence of the inhibitor. 

The addition of sodium bicarbonate (Table I) increases the amount of 
carbamy] phosphate necessary to inhibit growth 4-fold for S. lactis and 2- 
fold for L. arabinosus in the absence of citrulline, purines, and uracil. In 
the presence of these products, bicarbonate increases the amount of car- 
bamyl phosphate necessary to inhibit growth less than 2-fold for S. lactis 
and for L. arabinosus has no effect on the inhibitory level. 

On the basis of the above growth data, carbamyl phosphate appears to 
inhibit the biosyntheses of citrulline, purines, and pyrimidines. Since 
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bicarbonate reverses the growth inhibitions, the steps involved in the 
incorporation of carbon dioxide into these metabolites appear to be in- 
volved. 

In order to confirm that inhibition of biosynthesis of citrulline was 
involved, the effect of carbamyl phosphate on the synthesis of citrulline 
by cell-free preparations of S. lactis was determined as indicated in Table 
III. Carbamyl phosphate at high concentrations, 150 umoles per ml., 
appreciably inhibits its own interaction with ornithine to form citrulline. 
Bicarbonate but not acetate or succinate reverses this inhibition. Since 
the synthesis of citrulline is affected only by supplements of high concentra- 


TABLE II 
Specificity of Purines in Reversing Carbamyl Phosphate Toxicity 
Test organism, L. arabinosus, incubated 22 hours. 


Supplements* 
5-Amino-4- 
None imidazolecar- Hypoxanthine| Adenine Guanine 
Galvanometer readings 
mg. per ml. 
0 72 80 82 82 78 80 
0.2 46 78 
0.4 29 67 74 61 40 74 
1.0 4 42 56 47 18 65 
2.0 16 42 36 11 54 
4.0 3 3 3 2 1 


* Medium supplemented with 4 y of uracil and 20 y of pL-citrulline per ml. Sup- 
plements of 20 y of 5-amino-4-imidazolecarboxamide, 10 y of hypoxanthine, 4 y of 
adenine, and 4 y of guanine per ml. added as indicated. 


tions of carbamyl phosphate in the enzyme assay in contrast to the low 
concentrations necessary for growth inhibition, the effect of carbamyl phos- 
phate present during growth of the cells upon enzyme activity of the cell- 
free preparation was determined. The data obtained in Table III indicate 
that as little as 1.3 umoles per ml. of carbamyl phosphate in the growth 
medium result in a considerable decrease in the ability of cell-free prepara- 
tions to convert ornithine to citrulline, and at twice this concentration the 
enzyme is less than 10 per cent of the control. 

A heated preparation of the enzyme does not activate a preparation of 
enzyme from cells grown in the presence of carbamy] phosphate as indi- 
cated in Table III. Biotin, bicarbonate, carbamyl glutamate, acetyl 
glutamate, and additional ornithine also do not increase the activity of 
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such an enzyme preparation. Supplements of bicarbonate or glutamine 
or glutamic acid above that of the basal medium do not prevent the inhibi- 
tion by carbamy! phosphate of the appearance of the enzyme in the cell- 
free preparation. 

Neither whole cells of L. arabinosus nor a cell-free supernatant prepara- 
tion derived from this organism converts ornithine and carbamyl] phosphate 
to citrulline under the conditions used for S. lactis. Since L. arabinosus 
does not require arginine for growth, it is apparent that either some potent 


TABLE III 
Effect of Carbamyl Phosphate on Ornithine-Citrulline Conversion by S. lactis 
Concentration of carbamy] phosphate 
Activity, per cent 
Additional supplements i 
In growth medium of enzyme assay 
cells used for enzyme In enzyme assay 
preparation (cell-free) 
pmoles per ml. pmoles per ml. 
0 20 None 60 
0 50 - 46 
0 100 39 
0 150 25 
0 20 KHCO, (100 umoles) 60 
0 150 100 61 
0 20 None 47t 
1.3 20 a 22 
2.6 20 8 
0 20 42} 
0 20 aes O§ 
1.3 20 Heated enzyme§ 22 


* Based on L-ornithine. 

t Separate experiment from first group. 

t Dialyzed against distilled water at 4° for 16 hours. 

§ Heated enzyme preparation (0.5 ml. at 70° for 10 minutes). 


inhibitory effect of these substrates or a different mechanism of synthesis 
is involved in this organism. 

From the studies with S. lactis, it is apparent that, as indicated by growth 
data, carbamyl phosphate does, indeed, prevent the biosynthesis of citrul- 
line from ornithine. The most pronounced inhibition occurs during 
growth, preventing the appearance of the enzyme for the conversion, but 
high levels of carbamyl phosphate appreciably inhibit cell-free enzyme 
preparations. The nature of the inhibition is being further investigated 
with regard to possible displacement of an enzyme component or to a 
mechanism of citrulline synthesis involving a more complicated carbamyl 
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donor. Since the biosyntheses of pyrimidines and purines involve incorpo- 
ration of carbon dioxide, carbamyl phosphate may inhibit these syntheses 
in a Manner analogous to the ornithine-citrulline conversion. 


SUMMARY 


Carbamyl phosphate inhibits the growth of Streptococcus lactis 8039 
and Lactobacillus arabinosus 17-5. Citrulline, purines, and pyrimidines 
alone, and more effectively in combination, partially reverse the growth 
inhibition in a manner indicating that carbamyl phosphate inhibits the 
biosyntheses of these metabolites. The conversion of ornithine and 
carbamyl phosphate to citrulline by cell-free preparations of S. lactis is 
inhibited by high concentrations of carbamyl phosphate, and relatively 
low concentrations of carbamyl phosphate which inhibit growth of the 
organism prevent the appearance of the citrulline-synthesizing enzyme. 
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THE CONVERSION OF LYSINE TO HYDROXYLYSINE AND ITS 
RELATION TO THE BIOSYNTHESIS OF COLLAGEN IN 
SEVERAL TISSUES OF THE RAT 


By K. A. PIEZ anno R. C. LIKINS 


(From the National Institute of Dental Research, National Institutes of Health, Public 
Health Service, United States Department of Health, Education, and Welfare, 
Bethesda, Maryland) 


(Received for publication, June 10, 1957) 


Although hydroxylysine in general comprises only about 1 per cent of 
the weight of collagen, it deserves considerable attention for two reasons. 
First, it has been found in no protein other than collagen (1) and might 
therefore contribute to the properties of this protein. Second, there is a 
possible parallel in its biosynthesis and properties with hydroxyproline. 

It has been shown by Stetten and Schoenheimer (2, 3) that proline is a 
precursor of hydroxyproline and that exogenous hydroxyproline is not 
utilized for collagen synthesis. The evidence suggested that the hydroxy- 
lation of proline occurs in bound form, perhaps in peptide linkage. This 
line of investigation was extended to hydroxylysine by Sinex and Van 
Slyke (4), who showed that hydroxylysine and lysine in skin collagen of 
the rat had the same specific activity after lysine-C' had been fed. It was 
our purpose to determine whether free hydroxylysine can be utilized for 
collagen synthesis or whether it arises only by hydroxylation of lysine in 
bound form in parallel with hydroxyproline. During the preparation of 
our data for publication, Sinex and Van Slyke reported (5) that synthetic 
hydroxylysine labeled with H* or C" and included in the diet of rats was 
not incorporated into skin collagen. 

We approached the problem by injecting lysine-C™ into rats in the 
presence of large amounts of the natural isomer of hydroxylysine and 
examining the specific activities of these amino acids in several collagens 
relative to a control group which did not receive hydroxylysine. If pre- 
formed, unbound hydroxylysine can be incorporated into collagen, the 
presence of large amounts of the free amino acid would decrease the con- 
tribution of lysine-C“ to collagen hydroxylysine. Data were also ob- 
tained concerning the lysine and hydroxylysine contents of different col- 
lagens from the rat, and the time sequence of lysine hydroxylation was 
investigated. This evidence bears upon the existence of a non-hydroxyl- 
uted collagen precursor. 
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EXPERIMENTAL 


Experiment I—¥ive 50 gm. male Sprague-Dawley rats were each in- 
jected intraperitoneally with 15 mg. of 6-hydroxyl-.-lysine' in 1 ml. of 
water and with an additional 9 mg. every hour for 5 hours.? 15 minutes 
after the first injection of hydroxylysine, 9 ue. of L-lysine-U-C™ hydro- 
chloride (25 ue. per mg.) in 0.5 ml. of water were injected. A control group 
of five animals received only the lysine-U-C’. All the animals were 
killed by decapitation 1 hour after the last injection of hydroxylysine, 
the blood was collected in heparinized beakers, and the plasma was pre- 
pared for amino acid analysis as described by Stein and Moore (7). The 
rats were stored at —18° and skin, bone, tail tendon, and molar dentin 
were obtained and prepared as described below. 

Kaperiment []—Nine 50 gm. male Sprague-Dawley rats were each in- 
jected intraperitoneally with 11 ye. of L-lysine-U-C™ hydrochloride (80 
uc. per mg.) and killed by chloroform inhalation in groups of three, at 
1 hour, 6 hours, and 4 days. They were kept at —18° and the skin col- 
lagen was prepared as described below. 

Skin Collagen—Hair was removed from the backs of the frozen animals 
with electric clippers and by scraping with a scalpel. A rectangle which 
comprised the entire back was circumscribed. As the skin began to thaw, 
it was gently lifted and dissected free from fascia and muscle. 

Tail Collagen—The skin was stripped from the tail and the tail tendon 
was removed in several long strands from base to tip. Care was taken to 
exclude muscle. 

Bone Collagen—The long bones were excised and carefully scraped to 
remove the periosteum. The ends were cut off below the epiphyseal plates 
and discarded. The shafts were split lengthwise and the marrow and 
endosteum removed under a dissecting microscope. The cleaned bones 
were decalcified in 10 per cent ethylenediaminetetraacetic acid, neutralized 
to pH 7.5 with NaOH. 100 ml. of the decalcifying solution were used for 
every 300 mg. of bone. The suspension was stirred for 48 hours at 5° 
and the residue washed with water. 

Dentin Collagen—The first and second molars were sectioned trans- 
versely in situ just above the gingival attachment. The crowns were 
washed thoroughly, the pulp was removed by careful dissection, and the 
chamber cleaned with a strong jet of water. The crowns were crushed in 
a steel mortar to pass 60 mesh and the dentin and enamel were separated 


! This material, the natural isotope isolated from gelatin (6), was kindly provided 
by Dr. P. B. Hamilton. 

2? In a preliminary experiment it was found that hydroxylysine (synthetic, unre- 
solved) injected intraperitoneally (50 mg. per 50 gm. rat) reached a maximal concen- 
tration in the plasma in less than 15 minutes, fell to two-thirds maximal in 1 hour, 
and was essentially zero in 6 hours. 
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by flotation (8) in a bromoform-acetone mixture of density 2.70. The 
dentin was decalcified in the same manner as the bone. 

Preparation of Gelatin—The collagen samples were minced with scissors, 
washed at 5° alternately with several portions of 10 per cent NaCl and 
water for about 30 minutes each, and then with several changes of acetone. 
Gelatin was prepared by autoclaving the collagen in a sealed tube for 16 
hours at 15 pounds pressure with about 20 ml. of water per gm. of collagen. 
The gelatin solutions were filtered, concentrated on a rotary evaporator 
to one-third their volume, and 10 volumes of acetone were added. The 
precipitated gelatin was collected by centrifugation at 5° for 10 minutes 
at 25,000 X g, and redissolved in water and lyophilized to give a more 
easily handled product. 

Before acetone precipitation, the gelatin from duplicate skin samples in 
Experiment I and all the samples in Experiment II was dialyzed twice, 
each for 24 hours, against 70 volumes of water at 5°. A small amount of 
precipitate which formed in the cellophane bags was discarded. 

The gelatin samples were hydrolyzed in sealed tubes with 6 N HCl (1 
ml. per 10 mg. of protein) for 24 hours at 105°. The hydrolysates were 
taken to a syrup once under a vacuum and made up to convenient volumes, 
to contain about 10 mg. of protein per ml. They were kept frozen until 
analyzed. 

Determination of Lysine and Hydroxylysine—In general, the methods 
used were modifications of those devised by Moore and Stein (9). Lysine 
and hydroxylysine in about 50 mg. of protein were separated by elution 
of a 30 X 0.9 cm. column of Dowex 50 X12, minus 400 mesh, jacketed at 
50°. The eluting buffer was 0.3 m sodium citrate, pH 4.80. 1.4 ml. frac- 
tions were collected unless otherwise noted, diluted with 2.0 ml. of water, 
and 1 ml. was taken for analysis with ninhydrin (10). The remainder was 
saved for C™ analysis. 

Determination of Proline and Hydroxyproline—The ion exchange separa- 
tion previously described (11) for cyclic imino acids was used in a modified 
form since only proline and hydroxyproline were present. A 50 X 0.9 cm. 
column of Dowex 50X12, minus 400 mesh, jacketed at 50°, was eluted 
with a citrate buffer of pH 3.30, 0.25 Nn in Nat. Under these conditions 
hydroxyproline appeared in the effluent at about 35 ml. and proline at 75 
ml. The acid hydrolysis resulted in about 2 per cent epimerization of the 
hydroxyproline,’ the allo form appearing about 10 ml. after the natural 
isomer (11). The 1 ml. fractions were analyzed with ninhydrin in glacial 
acetic acid at room temperature ((11) Procedure A). 

Radioactivity Measurements—0.5 ml. aliquots from the diluted fractions 


3 Starting with known, pure solutions of either hydroxy-.-proline or allohydroxy- 
b-proline, heating with 6 N HCl at 105° resulted in about 3 per cent epimerization in 
1 day, 6 per cent in 2 days, and 9 per cent in 4 days. 
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were counted as previously described (12), except that further dilutions 
were not made and a correction for self-absorption was not necessary since 
it was found to be constant. As might be expected for a high molecular 
weight, randomiy labeled molecule, the isotope effect which has been ob- 
served during the ion exchange chromatography of some amino acids (12) 
was not measurable with lysine or hydroxylysine. Duplicate or triplicate 
plates were made for each fraction and counted for sufficient time to pro- 
vide a statistical counting error less than 5 per cent. The data are ex- 
pressed in Tables I to III as the average count per minute per micromole 
of all fractions containing more than 0.25 umole of lysine or hydroxylysine 
and in the graphs as counts per minute per fraction. 


Results 


The specific activities of lysine and hydroxylysine in rat plasma (Experi- 
ment I) are presented in Table I. At the end of the experimental period, 


TABLE I 
Specific Activities and Concentrations of Lysine (Lys) and Hydrozylysine (HOLys) 
in Rat Plasma 6 Hours after Injection of Lysine-C in Presence and Absence of 
Exogenous H ydrorylysine 


C.p.m. per umole | umoles per ml. plasma 

HOLys Lys HOLys Lys 

HOLys injected.................. 15 1078 1.17 0.45 


the group given hydroxylysine had more than twice as much hydroxylysine 
as lysine, whereas there was none, measured either with ninhydrin or C 
activity, in the control group. The magnitude of the count in the hy- 
droxylysine was not determined accurately because of its low value, but 
there is little doubt that it represents labeled hydroxylysine since the 
radioactivity and ninhydrin color coincide. This is shown in Fig. 1. 
The specific activities of lysine and hydroxylysine in collagen from skin, 
tail, bone, and dentin are given in Table II. It is apparent that in no case 
did the presence of exogenous hydroxylysine decrease the specific activity 
of collagen hydroxylysine relative to lysine. However, the specific activity 
of hydroxylysine was always lower than lysine in this 6 ‘hour experiment, 
except in the case of bone. The possibility that the unequal specific activ- 
ities might be explained by contamination with free lysine-C™ was exam- 
ined by preparing a duplicate sample of skin collagen (Experiment I) and 
exhaustively dialyzing the gelatin before acetone precipitation. There 
was no significant change in the ratio of specific activities, although there 
was an increase in the mole ratio from 6 to nearly 7. This was probably 
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the result of precipitation of a non-representative fraction during dialysis. 
This evidence of protein heterogeneity is considered to be irrelevant to the 
discussion since the specific activities were unchanged. 
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FRACTION NUMBER 
Fic. 1. A portion of the effluent chromatogram from the ion exchange separation 
of the amino acids in 2.56 ml. of plasma from rats injected with lysine-C"™ and 6-hy- 
droxy-L-lysine. The 1.8 ml. fractions were analyzed for total micromoles (@) and 
activity (O). 


TaBLeE II 


Specific Activities and Concentrations of Lysine (Lys) and Hydrozylysine (HOLys) in 
Several Collagens from Rat 6 Hours after Injection of Lysine-C'* in Presence and 
Absence of Exogenous Hydrorylysine 


C.p.m. per umole N as per cent total N 

HOLys Lys HOLys Lys 

Skin (control).............. 0.133 0.182 1.37 0.81 4.68 5.80 
0.121 0.161 1.33 0.76 4.61 6.10 
Tail (eontrol).............. 0.087 0.103 1.18 1.05 3.78 3.60 
seen 0.097 0.109 1.12 0.93 3.88 4.17 
Bone (control)............. 0.073 0.073 1.00 1.74 3.36 1.93 
0.084 0.085 1.01 1.70 3.31 1.94 
Dentin (combined)......... 0.032 0.037 1.15 2.29 2.58 1.11 


A typical effluent chromatogram of a collagen sample (skin) from Experi- 
ment I is seen in Fig. 2. The ordinates were drawn to make the two lysine 
peaks coincide. The slightly lower specific activity of the hydroxylysine 
is readily apparent. The small peak preceding lysine was present in all 
chromatograms and presumably is ornithine, derived from arginine during 
hydrolysis. 
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Also included in Table II are analytical values for lysine and hydroxy- 
lysine in the several collagens. Although the totals are about the same, 
accounting for about 5 per cent of the total N, the ratio differs greatly, 
ranging from about 6 for skin to nearly 1 for dentin collagen. The hy- 
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Fic. 2. A portion of the effluent chromatogram from the ion exchange separation 
of the amino acids in a hydrolysate of rat skin collagen 6 hours after the injection 
of lysine-C™’. The 1.4 ml. fractions were analyzed for total micromoles (@) and C'™ 
activity (O). 


TaBLe III 


Specific Activities of Lysine (Lys) and Hydrorylysine (HOLys) in Rat Skin Collagen 
at Various Times after Injections of Lysine-C' 
The specific activities are given in counts per minute per micromole. 


Time Lys HOLys 
Ars. 

1 0.137 0.099 1.39 

6 0.145 0.106 1.37 
days 

4 0.150 0.144 1.04 


droxylysine content of dentin collagen, 2.4 per cent by weight, is consider- 
ably higher than that found in other mammalian collagens. Proline and 
hydroxyproline were also measured to see whether their ratio varies in a 
similar manner. The following values were obtained (mole ratio hydroxy- 
proline-proline); skin 0.80, bone 0.82, tail 0.79, and dentin 0.85. These 
ratios, which agree with the most recent data for other mammalian col- 
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lagens and gelatins (13), do not differ significantly and provide evidence 
for the purity of the gelatin samples. 

The effect of time on the ratio of the specific activities of lysine to hy- 
droxylysine in skin collagen (Experiment II) is seen in Table III. At 1 
hour and 6 hours the ratio is greater than 1, in agreement with Experiment 
I, but at 4 days the specific activities were nearly equal. 


DISCUSSION 


The question as to whether free hydroxylysine, present in the plasma, 
can be incorporated into collagen can be immediately answered in the 
negative on the evidence of the data in Table II. It might be argued that 
injected hydroxylysine does not reach the site of collagen synthesis, but 
since in our experiments the maintenance of a high plasma level served to 
trap endogenous hydroxylysine (presumably derived from collagen break- 
down), it seems likely that there was mixing. Although the evidence is 
not unequivocal, it is reasonable to interpret the data as indicating that 
hydroxylysine is not incorporated into collagen from the free state regard- 
less of source. This parallels the evidence with regard to hydroxyproline 
(3) and extends the demonstration by Sinex and Van Slyke (5) that syn- 
thetic hydroxylysine in the diet is not incorporated into collagen. 

The fact that the specific activity of hydroxylysine was always less than 
lysine 6 hours after the injection of lysine-C™“ (Table II), except for bone, 
can be interpreted only in terms of heterogeneity if the probability that 
hydroxylysine arises only from lysine is accepted. And since contamina- 
tion with free lysine-C™ is essentially ruled out, the results would show 
the presence of a bound form of lysine which is an intermediate in the 
conversion to hydroxylysine. Since Sinex and Van Slyke (4) found equal 
specific activities after 14 days, it would appear that the conversion is not 
complete in 6 hours. This was confirmed by the time study seen in Table 
III. 

Since a certain amount of purification of the collagen is obtained by 
washing, converting to gelatin, and dialysis, it may reasonably be assumed 
that the bound lysine intermediate is a collagen-like substance. We can- 
not completely rule out the possibility of contamination with a metaboli- 
cally active protein that is unrelated to collagen and not an intermediate. 
However, this is highly unlikely since the amount required is rather large. 
For example, the specific activity ratio seen at 6 hours in skin (Table II 
or III) could have arisen only if 5 per cent of a contaminating protein 
(the same lysine content being assumed) eight times as active as the col- 
lagen were present. In addition, it would have to have a half life consider- 
ably less than 4 days. 

Further evidence for a collagen-like precursor containing no hydroxy- 
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lysine may be inferred from the analytical data for lysine and hydroxy- 
lysine in Table II. Although the ratio of the two differs greatly, the sum 
is similar for collagen from the four sources. Possibly a similar precursor 
is involved which is hydroxylated to different degrees and at different 
rates in different tissues. Whether proline follows a similar time-course 
is not, of course, answered by our data, but the possible parallel is self- 
evident. 

It is probable that the degree of incorporation of lysine as represented 
in Tables II and III is not quantitatively accurate. If the hydroxylation 
of both proline and lysine is a slow reaction, a whole series of intermediates, 
ranging from completely unhydroxylated to fully hydroxylated, could be 
formed. The purification steps might fractionate them to reject the least 
- collagen-like, which in short time periods would be highly radioactive. 
This could account for the observation (Table III) that the apparent 
incorporation of lysine-C™ after a single injection is nearly the same at all 
time periods; that is, from samples taken at 1 hour and to a lesser degree 
at 6 hours, a highly labeled precursor fraction might have been lost. This 
would also mean that the specific activity ratios are minimal values. 

The idea of a precursor collagen in which the proline and lysine are 
hydroxylated after the formation of peptide linkages results directly from 
the work of Stetten and Schoenheimer (2, 3) and is strengthened by the 
evidence of Sinex and Van Slyke (4, 5). Recently Gould and Woessner 
(14) have presented preliminary material which they interpret as support- 
ing this mechanism. Our findings, which can be fully explained on this 
basis, offer further support for the existence of such a precursor. 


SUMMARY 


Collagen from skin, tail tendon, bone, and teeth (dentin) of rats given 
lysine-C™ has been analyzed for lysine and hydroxylysine with the follow- 
ing findings. 

1. After 6 hours the specific activity of hydroxylysine was less than 
lysine except in bone, where it was equal. 

2. In skin the ratio of the specific activities of lysine to hydroxylysine 
changed from 1.37 at 6 hours to 1.04 at 4 days. 

3. The presence of large amounts of exogenous hydroxylysine in the 
plasma did not alter the degree of conversion of lysine to hydroxylysine in 
any of the collagens. 

4. Exogenous hydroxylysine acted as a trapping agent for the endoge- 
nous amino acid, as shown by the presence of C'*-labeled hydroxylysine in 
the plasma. 

5. The ratio of total lysine to hydroxylysine was 6.0 in skin, 3.9 in tail 
tendon, 1.9 in bone, and 1.1 in dentin, although the sum was essentially the 
same in all four collagens. 
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These results are interpreted as indicating that free hydroxylysine can- 
not be used for collagen synthesis, lysine providing the only source. The 
conversion apparently takes place in bound form, and may involve the 
hydroxylation of a collagen-like precursor originally containing no hydroxy- 
lysine and perhaps no hydroxyproline. The hydroxylation of lysine pro- 
ceeds at different rates and degrees in different collagens from the same 
animal. 
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SOME PROPERTIES OF BEEF SPLEEN PHOSPHOAMIDASE* 
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Although the presence, in animal tissues, of enzymes that catalyze 
the hydrolysis of phosphoramidates (phosphoamides) had been recognized 
for many years (1-5), it was not clear at the outset of the present in- 
vestigation whether this cleavage is caused by a distinct “‘phosphoamidase,”’ 
or by one or more phosphatases that also hydrolyze phosphate esters. 
Of special interest was the suggestion (5) that the phosphoamidase activity 
of tissue extracts is closely related to the ‘‘phosphoprotein phosphatase” 
activity of such extracts. The existence of enzymes that catalyze the 
dephosphorylation of phosphoproteins (casein, phosvitin) has been re- 
ported by several investigators (6, 7), and beef spleen ‘“‘phosphoprotein 
phosphatase” has been prepared in partially purified form (8). The 
aim of the present study was to effect the purification of beef spleen phos- 
phoamidase, to examine the properties of the enzyme with respect to 
the action of activators and inhibitors, and through specificity studies 
to establish its relationship to known phosphatases and to the phospho- 
protein phosphatase activity of animal tissues. 

Assay of Phosphoamidase Activity—Except where otherwise noted, 
the incubation mixture (1 ml.) contained 0.006 m sodium phosphoramidate 
(9), 0.02 m 8-mercaptoethanol, 0.1 mM acetate buffer (pH 6.0), and the 
enzyme solution. Aliquots (0.2 ml.) were removed at zero time and after 
10 minutes at 38°, and the NH,* present was determined in Conway 
microdiffusion vessels (10). A control incubation mixture without enzyme 
also was analyzed at zero time and after 10 minutes, and the value ob- 
tained in the enzyme experiment was corrected for the slow non-enzymic 
cleavage of phosphoramidate at pH 6. A phosphoamidase unit ({[EU]?4) 
is defined as the amount of enzyme that catalyzes the release of 1 umole 
of NH3; per ml. of: incubation mixture in 10 minutes under the above 
conditions. In the range 0.5 to 2 units per ml., the hydrolysis of phos- 
phoramidate was proportional to enzyme concentration. 


* This study was aided by grants from the National Science Foundation and from 
the Rockefeller Foundation. The data presented in this paper were taken from a dis- 
sertation presented by Maxine F. Singer to the Faculty of the Graduate School of 
Yale University in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy. 

t Predoctoral Fellow of the National Science Foundation, 1953-56. Present 
address, National Institute of Arthritis and Metabolic Diseases, National Insti- 
tutes of Health, Bethesda, Maryland. 
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Assay of Phenylphosphatase Activity—The incubation mixture (1 ml.) 
contained 0.006 mM o-carboxyphenylphosphate (California Foundation for 
Biochemical Research), 0.02 mM 6-mercaptoethanol, 0.1 mM acetate buffer 
(pH 6.0), and the enzyme solution. Aliquots (0.2 ml.) were withdrawn 
at zero time and after 5 minutes at 38°, and were delivered into 1 ml. 
of cold N phosphate (pH 6) to stop the reaction. The increase in ab- 
sorbance at 310 my caused by the formation of salicylic acid was deter- 
mined with a Beckman DU spectrophotometer in 1 cm. cuvettes. A 
phenylphosphatase unit ({EUJ°?”) is defined as the amount of enzyme 
that causes a change in absorbance of 1.00 in the 1.2 ml. of phosphate 
solution in 5 minutes, under the above conditions. 

Assay of Phosphoprotein Phosphatase Activity—The incubation mixture 
(2 ml.) contained 1.3 mg. of phosvitin (11), corresponding to 3 umoles 
of bound phosphate, 0.02 m 8-mercaptoethanol, 0.1 M acetate buffer (pH 
6.0), and enzyme. Aliquots (0.5 ml.) were withdrawn at zero time and 
after 5 minutes at 38°, and were added to 0.5 ml. of 20 per cent trichlo- 
roacetic acid. The mixture was centrifuged, and a 0.4 ml. sample of the 
supernatant fluid was taken for the determination of inorganic phosphate 
(12). A phosphoprotein phosphatase unit ({EU]’Y) is defined as the 
amount of enzyme that releases 1 ywmole of inorganic phosphate from 
phosvitin per ml. of reaction mixture in 5 minutes under the above condi- 
tions. 

Partial Purification of Beef Spleen Phosphoamidase—The enzyme was 
purified 50-fold by a procedure that involved the following steps: (1) 
autolysis of the ground tissue at pH 3; (2) precipitation of the enzyme 
between 60 and 90 per cent saturation with ammonium sulfate (SAS); 
(3) removal of further inactive protein by heat treatment at 70°. A 
representative preparation is given below. 

1325 gm. of frozen beef spleen were ground with 2650 ml. of cold water 
in a Waring blendor; to the “homogenate”’ (4200 ml.), 2 nN H.SO, (114 ml.) 
was added with stirring until the pH was 3.0. After 1 hour at room tem- 
perature, the pH had risen to 3.5, and 35 ml. of 2 N H»SO, were added 
to readjust the pH to 3.0. Toluene (21 ml.) was added, and the mix- 
ture was kept at room temperature for 22 hours; it was then centrifuged 
at 2000 X g for 30 minutes at 0°, and the supernatant fluid was filtered 
through glass wool to give 2605 ml. of a red-yellow solution (‘Acid ex- 
tract”). To 2490 ml. of the acid extract, 900 gm. of solid (NH,).SO, 
were added (60 per cent SAS) at 4° with stirring, and the mixture was 
centrifuged at 2500 X g for 30 minutes. To the supernatant fluid (2810 
ml.), 565 gm. of (NH,)2SO, were added (90 per cent SAS) in the same 
manner as described above. The precipitate was collected by centrifuga- 
tion, suspended in 15 ml. of water, and dialyzed at 4° for 20 hours against 
6 liters of distilled water (changed five times) until free from sulfate ions; 
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the tubing used was Visking cellophane casing, size 30/32 inches.' The 
volume of the dialyzed solution (60 to 90 SAS) was 98 ml. Samples of 
the precipitate obtained at 60 per cent SAS and of the 90 per cent SAS 
supernatant solution also were dialyzed and tested for their enzymic 
activity; the latter showed no phosphoamidase activity: The dialyzed 
60 to 90 SAS fraction was divided into five portions, and these were heated 
to 70° for 5 minutes with stirring; the solutions were chilled in ice, centri- 
fuged, and a portion of the supernatant fluid was removed for enzyme 
assays. The remainder of the supernatant fluid was lyophilized and stored 
in a desiccator at —18°; from an 18 ml. portion of the heat-treated 60 to 
90 SAS fraction (HT 60 to 90 SAS), 198 mg. of solid were obtained. Al- 
though the lyophilization resulted in an 18 per cent loss in specific activity, 
the resulting powder was completely stable for at least 1 month. The 


TABLE I 
Partial Purification of Beef Spleen Phosphoamidase 
R 
Fraction Protein | [EU],PA (EU 
mg. per cent 
Crude homogenate...| 26,800 1.0 
Acid extract......... 4,480 5.4 4.2 (0.8)* 90 
0-60 SAS............. 2,430 1.0 0.7 (0.7) 0.23 (0.2) 9 
60-90 SAS............ 900 28 23 = (0.8) 5.0 (0.2) 94 
HT 60-90 SAS........ 470 48 38 = (0.8) 11 (0.2) 85 


* The numbers in parentheses denote the ratio of the specific activity toward 
o-carboxyphenylphosphate (or phosvitin) to the specific activity toward phos- 
phoramidate. 


data on the enzymic activity of the fractions obtained are summarized 
in Table I. Specific activity is expressed as enzyme units per mg. of 
protein (([EU]iz pr). Protein was determined by means of a modification 
of the biuret procedure of Robinson and Hogden (13). It will be seen 
from Table I that the final preparation not only catalyzed the hydrolysis 
of phosphoramidate (PA), but also dephosphorylated o-carboxyphenyl- 
phosphate (CPP) and phosvitin (PV). Furthermore, in the course of 
the purification, the ratio of these three activities remained constant, 
within the precision of the assay methods used. 

pH Optimum—In its action on sodium phosphoramidate, the enzyme 
exhibits an optimum near pH 6, and this pH value was chosen for routine 
determinations of phosphoamidase activity. 

Effect of Activators and Inhibitors—Although the partially purified 


! The use of certain other sizes of Visking casing, described as ‘‘extra highly per- 
meable,’’ resulted in considerable loss of enzymic activity during dialysis. 
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enzyme preparation exhibits some activity in the absence of added sub- 
stances, the rate of phosphoamidase action is enhanced by the addition 
of sulfhydryl compounds (Table Il). Optimal activation was obtained 
with 0.02 m 6-mercaptoethanol and this concentration was used routinely 
in assays of phosphoamidase activity. A similar degree of activation 
was obtained with 0.1 m cysteine or thioglycolic acid, but the data do not 
indicate that maximal activity was attained with these compounds. No 
satisfactory explanation can be offered at present for the relatively high 
concentration of cysteine or of thioglycolic acid required for activation. 

Phosphoamidase activity is partially inhibited (about 50 per cent) 
by 10-* m iodosobenzene or p-chloromercuribenzoate, and this inhibition 


TaBLeE II 
Effect of Sulfhydryl Compounds on Phosphoamidase Activity 


Phosphoramidate concentration, 0.006 m; 0.1 M acetate buffer (pH 6.0); enzyme 
preparation 60 to 90 SAS, 3.0 [EU]’4 per ml.; time, 10 minutes; temperature, 38°. 


Hydrolysis 
Concentration of 
sulfhydryl compound 
Cysteine Thioglycolate B-Mercaptoethanol 
pmoles per mi. pmoles per mi. pmoles per ml. 
None 1.3 1.3 1.4 
1 1.6 1.2 1.6 
2 xX 1.1 1.2 2.0 
1 X 10°? 0.9 1.9 2.9 
2X 107? 1.4 2.4 3.1 
1 x 10°! 3.3 2.7 2.5 


is overcome by the presence of 10-* m 8-mercaptoethanol. lodoacetate 
(10-4 m) and iodoacetamide (10-4 m) did not inhibit the enzyme. 

In the presence of suboptimal concentrations of sulfhydryl compounds 
the addition of 10-5 m MgCl, to reaction mixtures had an activating effect 
(about 2-fold) on phosphoamidase; 10-* m MgCl, was sometimes inhibitory. 
The effect of Mg?* on the action of phosphoamidase may be related to 
the inhibition of the enzyme by inorganic orthophosphate. Concentrations 
of phosphate higher than 10-* m inhibit the enzyme; for this reason the 
hydrolysis of phosphoramidate can be followed only during the initial 
stages of the reaction, before this concentration of phosphate is reached. 
The possibility exists that, at low concentrations, Mg** activates the 
enzyme by the removal of inorganic phosphate as magnesium ammonium 
phosphate; at higher concentrations, however, Mg*?*+ may bind the sub- 
strate and thus cause inhibition of hydrolysis. 

Under the conditions of the standard assay procedure, 10-? m Versene 
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exerted an inhibitory effect (50 per cent) on phosphoamidase. The 
inhibition by Versene could be overcome partially by an equimolar con- 
centration of Mg?*. 

Phosphoamidase was inhibited by 10~‘ m Fe** (30 per cent) and 10~* 
Fe?+ (40 per cent). The enzyme is sensitive to low concentrations of 
fluoride ion (Table III) and is completely inhibited by 10-* m fluoride. 

Action of Phosphoamidase Preparation on Various Phosphoryl Com- 
pounds—The partially purified enzyme preparation catalyzes the hy- 
drolysis of the N—P linkage of phosphoramidates such as N-(p-chloro- 
phenyl) phosphoramidate (14),? N-(p-tolyl)phosphoramidate (prepared by 
the hydrogenolysis of the dibenzyl compound (16),? creatine phosphate 
(California Foundation for Biochemical Research), N-phosphorylglycine 


TABLE III 
Inhibition of Phosphoamidase and Phenylphosphatase by Fluoride 
Substrate concentration, 0.006 M; 8-mercaptoethanol, 0.02 mM; 0.1 M acetate buffer 
(pH. 6.0); enzyme preparation HT 60 to 90 SAS, 1.3 [EU}?4 per ml. in phosphoami- 
dase experiment (time, 10 minutes); 0.7 [EU]?4 per ml. in phenylphosphatase ex- 
periment (time, 5 minutes). : 


Phosphoam idase Pheny!phosphatase 
Concentration of fluoride 
Hydrolysis Inhibition Hydrolysis Inhibition 
M pmoles per ml. per cent pmoles per ml. per cent 
None 1.3 1.2. 
10-4 0.9 30 1.0 20 
10-3 0.7 50 0.6 50 
10-? 0.0 100 0.2 80 


(17), and a-N-phosphoryl-pL-tryptophan methyl ester (18). The latter 
three compounds appear to be attacked more slowly than the others, or 
than phosphoramidate itself (Table IV). As in the hydrolysis of phosphor- 
amidate, the addition of sulfhydryl compounds accelerated the hydrolysis 
of the anilinophosphate derivatives. The rate of hydrolysis of these phos- 
phoramidates was determined by a modification of the procedure of Ber- 
enblum and Chain (19). The lability of the phosphoramidates and the 
presence of sulfhydryl compounds in the reaction mixture precluded the 
use of other methods for the determination of orthophosphate. 

In addition to o-carboxyphenylphosphate, whose hydrolysis by the 
enzyme preparation was mentioned previously, other phenylphosphates 


? Although the preparation of the dibenzyl derivative of this compound was ef- 
fected without difficulty, the hydrogenolysis did not always lead to the desired prod- 
uct; with the p-chloroaniline derivative, dehalogenation was observed (15). 
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also are cleaved (Table IV); the compounds tested were phenylphosphate ; 


(20), p-nitrophenylphosphate (Sigma Chemical Company), and O-phospho- 
L-tyrosine (21). The rate of hydrolysis of these compounds was increased 
by the addition of 8-mercaptoethanol. 

Under the experimental conditions given in Table IV (enzyme concen- 
tration, 3 phosphoamidase units per ml.), negligible or no hydrolysis 
was observed after an incubation period of 30 minutes with the following 
aliphatic phosphate esters: 3-phosphoglycerate (Nutritional Biochemicals 


TABLE IV 
Enzymic Hydrolysis of Phosphoramidates and Phenylphosphates 
Substrate concentration, 0.006 M; activator, 0.02 mM 8-mercaptoethanol; 0.1 mM ace- 


tate buffer (pH 6.0); enzyme preparation, 60 to 90 SAS, 1.5 [EU]?4 per ml.; tempera- 


ture, 38°. 

Substrate Hydrolysis in 10 min. 

pmoles per ml. 

2.0* 
1.5* 
N-Phosphoryl-p.-tryptophan methyl ester.................... 0.2*f 
3.0§ 


* Orthophosphate released as measured by the isobutanol extraction procedure 
(19). 

t Enzyme concentration, 3 [EU]?4 per ml. 

t Orthophosphate released (12). 

§ Phenol released as measured spectrophotometrically. 


Corporation), methylphosphate (22), O-phosphoethanolamine (23), O- 
phospho-t-serine (24) and 8-glycerophosphate (Nutritional Biochemicals 
Corporation). The last named compound, at a concentration of 0.01 
M, did not inhibit markedly the action of the enzyme preparation on sodium 


phosphoramidate under the standard conditions of the assay for phos- — 
phoamidase activity. By increasing the enzyme concentration to 24 — 


phosphoamidase units per ml., 13 per cent (0.8 umole) of the O-phospho- 
L-serine was hydrolyzed in 30 minutes. This may be the result of con- 


tamination by a simple phosphomonoesterase or may reflect a slight 


activity of phosphoamidase toward aliphatic phosphate esters. 
Phenylphosphatase Activity of Enzyme Preparation—The parallel puri- 
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fication of phosphoamidase and phenylphosphatase activity (Table I) 
suggests that the enzymic action of the two types of substrate (phos- 
phoramidate and o-carboxyphenylphosphate) may be the property of the 
same enzyme. In this connection, it is of interest that several con- 
centrations of fluoride ion inhibit phenylphosphatase activity to about 
the same extent as the hydrolysis of phosphoramidate (Table 
III). Furthermore, when o-carboxyphenylphosphate and phosphorami- 
date are incubated together with the enzyme, the rate of hydrolysis of 
each substrate is inhibited, as compared with the appropriate controls 
(Table V). 


TABLE V 
Mutual Inhibition of Hydrolysis of Phosphoramidate (PA) 
and o-Carboryphenylphosphate (CPP) 
Substrate concentration, 0.006 m of each; activator, 0.02 m 8-mercaptoethanol; 
0.1 m acetate buffer (pH 6.0); enzyme preparation, HT 60 to 90 SAS, 1.5 [EU]?4 per 
ml.; temperature 38°. 


Hydrolysis in 5 min. 
Substrates 
PA CPP 
pmoles per ml.* pmoles per ml.t 
2.3 


* Ammonia released as measured by the Conway method. 
t Salicylic acid released as measured spectrophotometrically. 


Phosphoprotein Phosphatase Activity of Enzyme Preparation—In addi- 
tion to phosvitin (Table I), casein is rapidly dephosphorylated by the 
partially purified phosphoamidase preparation, whereas ovalbumin is 
dephosphorylated more slowly. To facilitate comparison, the amounts 
of the three proteins present in the incubation mixtures were such as to 
give equivalent concentrations of protein-bound phosphate (6 umoles 
per ml.). With 3 units of phosphoamidase, the amount of inorganic 
phosphate released in 10 minutes, per ml. of incubation mixture, was 0.6 
umole for phosvitin, 1.5 wmoles from casein, and 0.4 umole from egg al- 
bumin. 

The parallelism between phosphoamidase and phosphoprotein phos- 
phatase is suggested not only by the constant ratio of the two activities 
in the course of purification (Table I), but also by the fact that, when 
phosphoramidate and phosvitin are incubated together, in the presence 
of the enzyme, the hydrolysis of phosphoramidate is inhibited as compared 
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with the appropriate controls. The dephosphorylation of phosvitin 


also appears to be inhibited by phosphoramidate. In addition, phos- | 


phoprotein phosphatase activity is inhibited by inorganic orthophosphate 
and by fluoride. The stimulation of spleen phosphoprotein phosphatase 
by sulfhydryl compounds has already been reported by Sundararajan 
and Sarma (8, 25). 


DISCUSSION 


Although the results of this study suggest that the phosphoamidase 
activity in beef spleen is not the property of a simple phosphomono- 
esterase, the same enzyme may catalyze the hydrolysis of phosphoamides 
and of phenylphosphates. The marked difference in the susceptibility 
of phenylphosphates and of aliphatic phosphate esters is of interest in 
relation to the use of substrates such as p-nitrophenylphosphate for the 
assay of “‘non-specific’”’ phosphatases in biological fluids (26). The results 


described in the present communication suggest that the finding of enzymic | 
activity toward phenylphosphates may not always indicate the action of © 
an enzyme that hydrolyzes substrates such as 8-glycerophosphate. Since © 
phenylphosphates have some of the properties of acid anhydrides, a dif- — 
ference in their mode of hydrolysis from that of aliphatic phosphate esters — 


is to be expected. Mller (27) found a similarity between the phosphoami- 


dase and phenylphosphatase activity of human seminal plasma; however, — 
the relationship of these enzymic activities to the hydrolysis of aliphatic — 


phosphomonoesters is not clear. 
The results presented in this paper confirm the findings of Sundararajan 


and Sarma (8, 25) that spleen phosphoprotein phosphatase is distinct — 
from simple, non-specific phosphomonoesterase and, in addition, are con- — 


sistent with the suggestion (5) that phosphoprotein phosphatase and 
phosphoamidase are identical. 


SUMMARY 
Phosphoamidase, an enzyme that catalyzes the hydrolysis of amides 


of phosphoric acid, has been purified about 50-fold from an extract of © 


beef spleen. Enzymic activity is enhanced by sulfhydryl compounds. 
The phenylphosphatase and phosphoprotein phosphatase of purified 
phosphoamidase preparations appear to have properties similar to those 


of phosphoamidase. Aliphatic phosphate esters are not hydrolyzed 


appreciably by such preparations. 
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ENZYMATIC SYNTHESIS AND CHARACTERIZATION OF A 
NEW TRISACCHARIDE, a-LACTOSYL- 
B-F RUCTOFURANOSIDE 


By GAD AVIGAD 


(From the Laboratory of Microbiological Chemistry of the Department of Biochemistry, 
The Hebrew University-Hadassah Medical School, Jerusalem, Israel) 


(Received for publication, June 24, 1957) 


It has been shown that one of the reactions catalyzed by levansucrase 
is a reversible transfer of a 6-fructofuranosyl residue to the anomeric 
carbon of certain aldoses (1). Syntheses of a variety of aldosidofructosides, 
including sucrose and raffinose and some hitherto unknown sucrose ana- 
logues, are made possible by this reaction (2, 3). 

The present communication describes the synthesis of a new trisac- 
charide, ‘‘lactsucrose”’ (a-lactosy]-8-fructofuranoside), by levansucrase 
(4) acting on a system comprised of sucrose as fructosyl donor and lac- 
tose as acceptor (Equation 1). 


(1) Sucrose + lactose = lactsucrose + p-glucose 


The isolation of the trisaccharide, a proof of its structure, and its mode 
of degradation by several enzymes are reported. 


Materials and Methods 


Enzymes—Details of the preparation and activity of levansucrase of 
Aerobacter levanicum and other enzyme reagents used have been given 
elsewhere (2, 3). An enzymatic solution prepared from hybrid yeast was 
originally thought by us to be specific for sucrose and was so designated 
(5). However, it has since been observed that this preparation catalyzes 
hydrolysis of certain sucrose analogues which differ structurally from 
sucrose in the fructosylic moiety (experiments to be published). This 
preparation will therefore be referred to below by the name “yeast a- 
glucosucrase”’ rather than as ‘“‘sucrose-specific sucrase.”’ 

Enzymatic reactions on a microscale were conducted in capillary tubes 
as already described (4). 

To remove glucose and fructose from systems containing oligosac- 
charides, washed cells of Torulopsis glabrata, grown in agitated culture 
at pH 5.0 in peptone-yeast extract-glucose medium and harvested at 48 
hours, were used. The continuous removal of hexoses from reaction 
systems by this yeast prevented inhibition of levansucrase action by 
hexose accumulation and prevented diversion of levansucrase-transferred 
fructose units to carbinol groups in hexoses (6). 
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Chromatographic Methods—The solvent systems used to resolve sac- 
charide mixtures by paper chromatography were (1) n-propanol, ethyl 
acetate, water, 7:1:2 by volume (7), with a 24 to 48 hours developing 
time; and (2) n-butanol, ethanol, water, 5:2:2 by volume, with a 48 to 
72 hours developing time. Whatman No. | filter paper was used. 

The specific detection of fructose and fructose-containing oligosac- 
charides on the paper chromatograms was accomplished by the use of 
urea-phosphoric acid reagent (8). 

To combine high sensitivity to free and combined ketose with sensitivity 
to aldose, a p-aminophenol reagent was devised. This solution consisted 
of 1.2 gm. of p-aminophenol and 2 gm. of trichloroacetic acid in 95 ml. 
of 80 per cent (v/v) n-propanol to which 5 ml. of 85 per cent phosphoric 
acid were added. The sprayed paper was heated for about 10 minutes 
at 110°. Free or combined fructose formed a yellow spot which was 
readily visible against the light brown background. The spot showed a 
bright yellow fluorescence under ultraviolet light. Aldoses reacted 
somewhat more slowly, and'gave a dark brown color which did not fluoresce 
in the ultraviolet light. About 3 y of fructose and 6 y of reducing aldose 
could be detected by this method. The sensitivity towards combined 
hexose was about one-half that towards free hexose. 

Differential Identification of Glycosidic Radicals (3)—Glycosidic radicals 
were characterized with the aid of specific enzymatic reagents: the terminal 
6-fructofuranosyl radical with yeast invertase and A. levanicum levan- 
sucrase; the terminal 8-galactosyl radical with Escherichia coli B-galactosi- 
dase; and free sucrose with amylosucrase, dextransucrase, and a yeast 
a-glucosucrase. 

A semimicromodification of Raybin’s diazouracil test was used (4). 

Quantitative Determinations—Reducing power was determined cuprime- 
trically (9, 10), fructose (free or combined) with resorcinol (11), total 
carbohydrate with phenol in sulfuric acid (12), aldose iodimetrically (13) 
by use of a microadaptation of the published procedure, and periodate by 
the method of Fleury and Lange as described by Dyer (14) by use of a 
0.005 N iodine solution. Formic acid in the periodate oxidation reaction 
mixture was titrated with 0.005 n NaOH (phenolphthalein as indicator) 
after periodate had been removed by the addition of ethylene ee in 
excess (15). 

Removal of Solvents—Evaporations were conducted at sonunetenee 
below 50° under reduced pressure. Solid BaCO; was added to solutions 
during the concentration as necessary, to keep the pH about 7.0. 


EXPERIMENTAL 


Preparation of Crystalline Lactsucrose—To 35 gm. of lactose and 6 gm. of 
sucrose in 60 ml. of 1:2 dilution of McIlvaine citrate-phosphate buffer, 
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pH 5.4, were added 20 ml. of 50 per cent (v/v) 7. glabrata suspension and 
40 ml. of levansucrase solution. The reaction mixture was incubated at 
30° under toluene and occasionally agitated. After 9 hours the donor 
supply was renewed by the further addition of 6 gm. of sucrose to the 
system. 13 hours later 2 volumes of 96 per cent (v/v) ethanol were added 
and the mixture was allowed to stand for 16 hours at 4°. Levan and a 
small amount of lactose were found to have been precipitated during this 
time. The alcoholic supernatant fluid was reduced in volume to a heavy 
syrup. Chromatographic examination of the syrup showed the presence 
of sucrose, lactose, a ketose-containing non-reducing trisaccharide (Reucrose 
0.39 in Solvent 1) and a ketose-containing non-reducing tetrasaccharide 
(Rgucrose 0.25 in Solvent 1). The syrup was dissolved in 250 ml. of water. 
24 gm. of solid BaCQO; and 6 ml. of bromine were added to oxidize the 
free aldose present. After 5 hours at room temperature with shaking, 
bromine was removed by vigorous aeratior. After filtration of the 
mixture, 14.0 gm. of solid Ba(OH).-H2O were dissolved in the filtrate. 
1 volume of ethanol was added and the precipitated barium lactobionate 
was collected on a Biichner funnel. The precipitate was washed succes- 
sively with three portions of 100 ml. of 48 per cent (v/v) ethanol, and all 
the filtrates were combined and reduced to dryness. The dry material 
was extracted with four successive portions of 50 ml. hot 85 per cent 
(v/v) ethanol. A current of CO». which was passed through the alcoholic 
solution facilitated the precipitation of a small amount of BaCO;, which 
was removed by filtration. The filtrate was reduced to 50 ml. of light 
syrup. Chromatographic examination showed this syrup to contain 
sucrose, non-reducing trisaccharide (‘‘lactsucrose’’), a small amount of a 
fructose-containing non-reducing tetrasaccharide, and a trace of a fructose- 
containing reducing trisaccharide (Reucrose 0.49 in Solvent 1) whose pres- 
ence has not previously been recognized because it had been masked by 
lactose. 

The syrup was processed in two equal portions on a 54 X 5 em. column 
containing a 1:1 mixture of Darco G-60 (Atlas Powder Company, New 
York) and Celite 535 (Johns Manville Company, New York). 16 liters 
of 5 per cent (v/v) ethanol were passed through the column at a rate of 
150 ml. per hour. This treatment removed all the sucrose. The carbo- 
hydrates were then eluted from the column with 16 liters of 10 per cent 
(v/v) ethanol. The eluate was reduced to 10 ml. of light syrup, which 
was shaken for 1 hour with a small amount of decolorizing carbon and 
2 gm. of a mixed bed of Amberlites IR-4B (OH-) and IRC-50 (H?*). 
After filtration the filtrate was concentrated to a heavy transparent syrup 
to which 2 ml. of 90 per cent (v/v) ethanol were added. Lactsucrose 
crystallized out after several days at room temperature. The crystals 
were dried in a vacuum desiccator over NaOH, and the dry weight of the 
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product was 2.0 gm. On paper chromatograms it gave a single spot which 
showed the reactions of a non-reducing ketose-containing saccharide. 
Upon recrystallization from 90 per cent (v/v) ethanol and drying in high 
vacuum over P,O;, a white product was obtained. Found, C 35.76 per 


cent; H 7.16 per cent (calculated for CisH320.6-5H.O, C 36.36 per cent; | 


H 7.12 per cent). 

General Properties of Lactsucrose—Crystalline lactsucrose melted at 
181° (uncorrected) with sintering at 150°. The compound was in the 
form of small monoclinic platelets which are highly hygroscopic. Its 
taste was bland. 

[a]? +59° (c. 3.8 H.O; calculated for the anhydride). [M], for lact- 


sucrose anhydride was thus 29,730. This result was in close agreement | 


with the value [M], = 31,500 that may be calculated according to Hudson’s 
rule of isorotation (cf. (3)) from the known values of sucrose and a-methy]- 
glucoside (22,740 and 30,650, respectively) and a calculated value (39,410) 
of a-methyllactoside (16). 

The chromatographic mobility (Reucrose) of lactsucrose was 0.35 in 
Solvent 1 and 0.37 in Solvent 2, as compared to 0.32 and 0.33, respectively, 
for raffinose. 

Lactsucrose was non-reducing to the alkaline copper reagent of Somogyi 
(9), and formed a green color upon reaction with diazouracil as did a 
like amount of raffinose. The value of the ratio “fructose-total carbo- 
hydrate” of a lactsucrose solution was found upon analysis to be 0.98 


times that of a raffinose solution at a similar concentration and identical | 


with that of an equimolar mixture of lactose and fructose. 
Enzymatic Cleavage of Lactsucrose—As is shown in Table I, lactsucrose 


was decomposed by yeast invertase totally into equimolar amounts of © 


fructose and lactose and by 8-galactosidase totally into equimolar amounts 
of galactose and sucrose. Combined action of invertase and 8-galactosidase 


cleaved the trisaccharide totally into glucose, galactose, and fructose. | 


Lactsucrose incubated with levansucrase showed the typical behavior of 


a fructose group donor (4). Thus, when lactsucrose was incubated with | 
levansucrase in the absence of added aldose, there were formed levan, © 


fructose, and lactose. When levansucrose (5 per cent (w/v)) was incubated 
with levansucrase in the presence of p-glucose (7 per cent (w/v)), the 
production of levan was markedly below that observed in the absence of 
glucose, and a non-reducing product with the paper chromatographic 
mobility of sucrose was formed in considerable yield. 

Lactsucrose was not attacked directly by the glucosucrases, dextran- 
sucrase, amylosucrase, or yeast a-glucosucrase. However, mixed enzyme 
systems consisting of 6-galactosidase, which liberates sucrose from lact- 
sucrose, plus a glucosucrase (dextransucrase, amylosucrase or yeast a- 
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glucosucrase) cleaved lactsucrose with respective formation of dextran, 
“starch,” or glucose. 


TABLE I 
Degradation of Lactsucrose by Carbohydrases 
Lactsucrose was incubated at a concentration of 5 per cent (w/v) with enzyme 
systems under conditions in which maximal enzyme activities are afforded (see the 
description of optimal reaction conditions (17, 18)). Reactions were continued until 
lactsucrose had been completely degraded or until sucrose in a control test mixture 
had been degraded by the enzyme system to an extent of at least 50 per cent. 


Products* YVieldst 
Alcohol 
Yeast invertase +i +i 104 | 98 
8-Galactosidase +) 96 | 100 
Yeast invertase + +i 95 | 97 
6-galactosidase 
Yeast a-glucosucrase | — | — | — 0 
Yeast a-glucosucrase | + | + | + | — | —§ 98 
+ 6-galactosidase 
Levansucrase | Levan +|| 379 
Dextransucrase 3** 
Dextransucrase + +|—-|+]-—]-— | Dextran 85 
8-galactosidase 
Amylosucrase 0 
Amylosucrase + | —§ \“Glycogen” 54tt 
B-galactosidase 


* + indicates the appearance of the component; —, its absence. 

t Expressed as per cent of the value to be expected from the total conversion of 
substrate to the listed products of reaction. 

t Polymer was precipitated by addition of 4 volumes of 96 per cent (v/v) ethanol, 
then dissolved in water and again precipitated by ethanol. 

§ Trace amounts of sucrose were still present in the reaction mixture at the time 
of analysis. 

|| Trace of tetrasaccharide (Reucrose 0.21 in Solvent 2). 

{ Raffinose under the same conditions yielded 42 per cent of initial fructose as 
levan. 

** Probably 4 trace of levan. 

tt Trace of trisaccharide (Reucrose 0.81 in Solvent 1 (2, 3)). 

tt The opalescent reaction solution colored reddish with iodine. 


Oxidation of Lactsucrose—Lactsucrose was oxidized with periodate 
(16 umoles of lactsucrose, 1 ml. of 0.18 m sodium metaperiodate; 18 hours 
in the dark). The amount of periodate consumed was 4.08 moles and the 
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yield of formic acid 1.06 moles per mole of lactsucrose. Raffinose under 
the same conditions consumed 4.82 moles of periodate and produced 1.93 | 
moles of formic acid per mole of trisaccharide (19). 

In a further experiment, 5 wmoles of lactsucrose in 0.2 ml. of reaction 
mixture were oxidized by 25 umoles of periodate. The product of oxidation 
was reduced with 5 mg. of sodium borohydride according to Viscontini | 
et al. (20), and hydrolyzed for 4 hours at 96° in 1 N HCl. The solution was 
then brought to neutral pH and the products were reduced to corresponding 


alcohols by treatment for 4 hours with 5 mg. of sodium borohydride. | 


To the solution were then added 0.5 ml. of acetic acid, 3 ml. of water, 1 gm. 
of Amberlite MB-1 mixed bed resins, and a small amount of decolorizing 


charcoal. The mixture was shaken and filtered, and the filtrate reduced | 


in volume to a light syrup. Samples of syrup were resolved chromato- 


graphically in a solvent system of ethyl acetate, pyridine, and water, 
7:1:2 by volume (21). Polyhydroxy compounds were located by the | 
periodate-benzidine reagent (22). Spots corresponding in mobility to | 
ethylene glycol, glycerol, and erythritol were found (Fig. 1). 


HO 
4 NOH H H 
H OH 


+ a 


Fic. 1. Structure of lactsucrose and products formed from it by periodate oxida- | 


tion and enzymatic degradation. Lactsucrose (O-8-p-galactopyranosyl-(1 — 4)-O- 
a-D-glucopyranosyl-(1 — 2)-8-p-fructofuranoside) is oxidized by periodate with — 
formation of 1 mole of formic acid and uptake of 4 moles of periodate. a,b, andc © 
designate fragments of periodate-oxidized lactsucrose which upon reduction and the — 
resulting hydrolysis and further reduction gave ethylene glycol, glycerol, and eryth- 
ritol, respectively. (1) shows linkage in lactsucrose attacked by 8-galactosidase; 
(II) shows linkage which in lactsucrose is attacked by yeast invertase and levan- | 
sucrase, and in sucrose formed from lactsucrose by the action of 8-galactosidase is © 
attacked by yeast a-glucosucrase, amylosucrase, and dextransucrase. 
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DISCUSSION 


Non-reducing oligosaccharides formed from free aldoses by levansucrase- 
catalyzed fructose group transfer have the structure a-aldopyranosyl- 
6-p-fructofuranoside (1-3). The behavior of lactsucrose agrees with this 
structural formulation. The results afforded by the application of specific 
enzymatic reagents (Table I), the data of periodate oxidation (Fig. 1), and 


TABLE II 


Enzymatically Synthesized Tri- and Tetrasaccharides with Terminal Fructose 
Radical Linked to Anomeric Carbon of Aldose 


Oligosaccharide Used in synthesis* 
Systematic namet Common name Principle 1 : o'er 
6°-a-Galactosylsucrose Raffinose + (25) + 
6%-a-Glucosylsucrose + (26) + 
6°-8-Glucosylsucrose Gentianose + (27) + 
6°-8-Fructosylsucrose Neokestose + (28, 29) + 
44-q-Glucosylsucrose Erlose + (30-33) 
4°-8-Glucosylsucrose 
49-8-Galactosylsucrose Lactsucrose 
2¢-a-Galactosylsucrose Umbelliferose§ 
4*¥!.8-X ylosylxylsucrose + 
6°-a-Isomaltosylsucrose 
49-q-Isomaltosylsucrose + 
49 -«-Maltosylsucrose + (32, 33) + 
6° -a@-Galactobiosylsucrose Stachyose + (25) 
4*y!_8-X ylobiosylxylsucrose + 


* Principles 1 and 2 used in the enzymatic syntheses are defined in the text. 
Their applicability is shown by symbols: +, applicable; —, non-applicable; blank 
space, applicability unknown. Literature references are given in parentheses. 

t For nomenclature, see Hestrin et al. (4, 6). 

t And unpublished data (Avigad and Hestrin). 

§ Wickstrom and Baerheim-Svendsen (34). 


the value of the optical rotation of lactsucrose show unequivocally that 
the sucrose and lactose radical are present in this trisaccharide. An 
analogous enzymatic procedure has been utilized previously to make the 
definitive determination of the structure of another trisaccharide, melezi- 
tose (23). 

The use of enzymatic tools has led in recent years to the synthesis of a 
considerable number of both new and hitherto known oligosaccharides 
containing a terminal sucrose radical (Table II). Two general principles 
have been utilized to accomplish this result: (1) transfer of an aldosyl 


der 

.93 
ion | 

ion 

ini 

vas | 

ing | 

de. 
‘ed | 

to- | 

er, 

he 

to 

a- 

th 

1€ 

h- 

e; 

Is 


128 SYNTHESIS OF LACTOSYL FRUCTOSIDE 


group from a donor to an aldocarbinol site in either sucrose, a sucrose 
analogue or a sucrose-terminated acceptor, and (2) transfer of a 8-fructo- 
furanosy] group from a donor to the anomeric carbon site of aldose serving 
as acceptor. The present study provides an example of a synthesis which 
utilizes Principle 2. Conceivably, a synthesis of lactsucrose may also 
prove feasible by application of Principle 1, e.g. by 8-galactosidase-catalyzed 
transfer (35-39) of a galactose radical to the C-4 position of glucose in 
sucrose. This possibility has yet to be explored. 


The author is grateful to Professor 8. Hestrin for his indispensable 
advice and to Dr. D. 8S. Feingold for helpful suggestions. 


SUMMARY 


By means of levansucrase-catalyzed transfer of a fructose group from 
sucrose to the anomeric carbon of lactose, a new non-reducing trisaccharide, 
lactsucrose, has been synthesized. This product has been isolated in a 
crystalline form and has been shown, by the use of specific enzymatic and 
chemical methods, to have the structure: a-lactosyl-8-fructofuranoside. 
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PHOSPHOLIPIDES CONTAINING AMINO ACIDS 
OTHER THAN SERINE 


I. DETECTION* 


By JOHN WESTLEY,?t J. J. WREN, anp HERSCHEL K. MITCHELL 


(From the Kerckhoff Laboratories of Biology, California 
Institute of Technology, Pasadena, California) 


(Received for publication, May 21, 1957) 


Several years ago experiments on the biochemistry of Drosophila melano- 
gaster (1) directed our attention to a class of substances that are soluble 
in dry ether but yield a variety of amino acids upon hydrolysis. Moreover, 
it was observed that in very young larvae essentially all of the non-pro- 
tein amino acids are found in a lipide-soluble fraction. During subsequent 
rapid growth and development of the organism, this kind of material 
diminishes strikingly and free amino acids and peptides appear in increasing 
concentrations. Protein synthesis is also rapid during this period as indi- 
cated by a greater than 100-fold increase in tissue weight. 

We have now found similar amino acid-containing lipides in phospho- 
lipide preparations from several different sources. In recent years the 
presence in a wide variety of tissues of unidentified phospholipides which 
contain amino acids other than serine has been reported. Some confusion 
has resulted from the power of phospholipides to render polar molecules 
soluble in non-polar solvents. Thus when an amino acid was detected in 
a lipide hydrolysate, ambiguity remained as to whether or not it had been 
chemically bound. Nevertheless a number of workers have adequately 
demonstrated the removal of contaminants, yet have found various amino 
acids after hydrolysis of their phospholipide preparations. Barbier and 
Lederer (2) concluded that hydroxylysine in the phospholipides of Myco- 
bacterium phlei is bound analogously to serine in phosphatidylserine. How- 
ever, nearly all of the amino acids so far reported as lipide constituents 
have no alcoholic hydroxyl groups and it is generally believed, so far with 
little direct evidence, that they must be joined to ethanolamine or serine 
phospholipides as peptides. The complex bacterial phospholipides contain 
both sugars and amino acids (3), and there is abundant evidence that these 
are chemically bound (4-10). Masamune and his collaborators (11-14) 
have found similar constituents in blood group lipides, which they believe 


* This investigation was supported in part by grants from the Research Corpora- 
tion (Williams-Waterman Fund) and the National Science Foundation. 

t National Science Foundation Postdoctoral Fellow. Present address, Depart- 
ment of Biochemistry, University of Chicago, Chicago 37, Illinois. 


131 


132 AMINO ACID DERIVATIVES OF LIPIDES 


to be peptidyl-phosphatidylethanolamine derivatives. Phosphoinositides 
from brain appear to contain bound polypeptides (15). 

There have been several investigations of the nitrogenous constituents of 
blood lipides since Wynn and Williams (16) first reported that lipides ob- 
tained from plasma and purified by dialysis yielded several amino acids 
upon hydrolysis. From paper chromatography, German workers (17, 18) 
deduced the existence of ‘“lipopeptides” in dialyzed blood lipide prepara- 
tions. Their deduction was later attacked on the grounds that chromatog- 
raphy in a second dimension resolved the “‘lipopeptide”’ spots into separate 
lipide and peptide spots (19). Since the work of others (see below) leaves 
little doubt of the existence of ‘‘lipopeptides” in blood, this observation 
might be explained by cleavage of peptide chains on the chromatograms. 
Cheftel et al. (20) have reported a subsequent study of serum lipides in 
which a preparation purified by chromatography on cellulose gave three 
ninhydrin-positive spots of low Rr (presumed peptides) on a paper chroma- 
togram in addition to the fast running phospholipide spot. When this 
fast running spot was separately eluted and again chromatographed, the 
same three spots of low Ry reappeared. Such a phenomenon has been ob- 
served in this laboratory in paper chromatography of non-lipide peptides.' 
Douste-Blazy and Polonovski (21, 22) have also isolated amino acid-con- 
taining phospholipides from human, dog, and rat sera by countercurrent 
distribution, and Blass et al. (23) have subjected the lipides of human and 
equine plasma and erythrocytes to prolonged dialysis or to electrodialysis 
and identified the amino acids liberated by subsequent hydrolysis. 

In addition to the instances already mentioned, there is evidence that 
similar phospholipides occur widely, 7.e. in rabbit liver (24, 25), rat liver 
(25-27), ox heart and liver (28, 29), beef brain (30, 31), limpets (32), cyto- 
chrome oxidase (33), bakers’ yeast (25), rye and wheat germ (34), soya 
(35, 36), and groundnut (36). Hen’s egg, rat tissues (37-39), cockerel 
serum (40), and sheep erythrocytes (41) have recently afforded unidenti- 
fied phospholipides which may well also be similar. 

In view of the widespread occurrence of the amino acid-containing lipides 
and the unique course of their metabolism during development of Drosoph- 
ila, we have carried out extensive investigations concerned with their 
isolation and chemical nature. The present report is concerned primarily 
with techniques and procedures developed to insure removal of non-lipide 
contaminants from preparations of these lipides. 


EXPERIMENTAL 


Extraction and Precipitation of Phospholipides—Whole Drosophila, rat 
tissues, hen’s egg yolk, and mycelial pads and spray-dried cultures of 


1 Mitchell, H. K., unpublished. 
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Eremothecitum ashbyii were macerated with sand and extracted with cold 
ether. The materials were usually carefully dried by lyophilization but, 
if not, they were washed with acetone before extraction and the extracts 
were cooled to —20° and decanted from ice crystals. Addition of alcohol 
to the ether used for extraction, which increased the total yield of phos- 
pholipide, appeared to decrease the proportion of amino acid-containing 
phospholipide in the extract. The phospholipides were purified by four to 
six precipitations by acetone (5 to 10 volumes) from concentrated solutions 
in ether or chloroform. During further precipitations by ethanol, the 
amino acid-containing lipides (except phosphatidylserine) accumulated in 
the ethanol-soluble (lecithin) fraction ;? however, they were not found in the 
lecithin-CdCl. precipitate (42). 

Color Tests Used for Paper Chromatography and Paper Electrophoresis— 
The ninhydrin reaction was performed by the dipping technique (43). 
Choline and its derivatives were detected by means of phosphomolybdic 
acid (44), phosphates by the method of Bandurski and Axelrod (45), and 
all compounds containing an —_NH— group by the chlorination method 
(46, 47). 

Chromatography on Paper and on Cellulose Columns—Of a variety of 
solvent systems employed for ascending chromatography on Whatman 
No. 1 paper, the following four were most suitable for resolution of free 
amino acids and peptides from phospholipides and for partial resolution of 
the phospholipides themselves. (a), n-Butanol saturated with 0.05 m 
phthalate buffer, pH 4.1; the paper was first sprayed with buffer solution 
and dried. Free amino acids have Ry <0.3. Fly phospholipides give 
ninhydrin-positive bands at Ry 0.4 and 0.7, and larval phospholipides at 
0.8, but their amino acid content is similar. (b), n-Propanol-0.25 N aqueous 
NH,OH-acetone (4:1:1, v/v). Free amino acids have Ry <0.5. Fly 
phospholipides give ninhydrin-positive bands at Ry 0.65 and 0.85, but the 
two fractions contain the same amino acids. (c), Ether-ethanol-concen- 


~ trated NH,OH (15:5:3). Fly phospholipides give ninhydrin-positive 


bands at Rr 0.8 and 0.9. (d), Methanol-benzene-n-butanol-water (2:1: 
1:1) (48). Free amino acids have Rr <0.65, phospholipides Ry <1. 
These solvent systems were also employed, in preparative experiments, 
on columns of cellulose and on strips of heavy filter paper. Phospholipide 
bands on the heavy filter paper were excised and eluted with methanol or 
chloroform. Amino acids contained in the filter paper itself were removed 
by preliminary chromatographic washing with the developing solvent to 
be used. However, it was still possible that during development the phos- 
pholipides could liberate and entrain amino acid-containing materials or- 


? In countercurrent distribution of serum lipides Polonovski and Douste-Blazy 
(22) found that bound amino acids were most abundant in the lecithin fraction. 
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dinarily unavailable to the solvent. This possibility was eliminated by 
showing that egg lecithin (N:P ratio 1.02), purified by Pangborn’s method 
(42) and containing no amino acids, could be chromatographed on washed 
paper without gaining any amino acids. Moreover, rechromatography 
showed the absence of free amino acids, and phospholipides from the several 
sources purified on Hyflo Super-Cel contained the same amino acids 
as when purified on paper. 

Chromatography on Hyflo Super-Cel—1 gm. of adsorbent was used per 
micromole of phosphorus in the specimen to be chromatographed. In one 
procedure, a phospholipide solution in ligroin (b.p. 60—-70°) was run on to a 
column of Hyflo Super-Cel, which was washed successively with ligroin and 
ethyl acetate. Methanol then eluted the phospholipides in a single band 
containing no free amino acids. In another procedure, a solution in ligroin 
(b.p. 30-60°) was used and the column was developed successively with 
ligroin, ethyl acetate, and 90 per cent methanol. The phospholipides were 
eluted in fractions by a linear gradient from 90 per cent methanol to 90 
per cent methanol, 0.01 N in NH,OH. Phosphorus anlaysis (49) of the 
fractions obtained from fly phospholipides indicated that three overlapping 
bands were eluted, but attempts to resolve these were unsuccessful. None 
contained free amino acids, and the lipide-bound amino acids were all in 
the last band. 

Paper Electrophoresis—Electrophoresis was carried out at 15 to 20 volts 
per cm. during 2 to 4 hours on Whatman No. 3MM paper, with use of 
0.025 m phthalate buffer, pH 4.15, in a closed chamber. Specimens were 
applied to the paper in ethereal solution or, better, in aqueous emulsion. 
Phospholipides remained at the origin while amino acids, the lactams of 
y-aminobutyric and 6-aminovaleric acids, the mixed cyclic dipeptides of 
leucine and valine (prepared by Sannié’s method (50)), and a mixture of 
pyrrolidonecarboxylic acid and acidic cyclic peptides (prepared from glu- 
tamic aeid by the same method) all migrated. 

Hydrolysis and Identification of Nitrogenous Products—Phospholipides 
were hydrolyzed by being heated in a sealed tube at 110° with 6 N HCl for 
18 hours. The tube was then opened, HCl removed under reduced pres- 
sure, the residue extracted with water, and the extract washed twice with 
ligroin. Its nitrogenous constituents were then identified by two-dimen- 
sional paper chromatography, with (a) n-propanol-0.25 N aqueous NH,OH 
(2:1) and (b) the Wiggins and Williams solvent (51)-ethanol-water (2:2:1). 
Amino acids were further identified by paper chromatography of their 
dinitropheny] derivatives (52-54). 

y-Aminobutyric and 6-aminovaleric acids and their lactams were identi- 
fied chromatographically and by paper electrophoresis in the system de- 
scribed above. 
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RESULTS AND DISCUSSION 


The following are the amino acids consistently found in hydrolysates of 
chromatographically purified phospholipides from different sources. £. 
ashbyii, alanine, y-aminobutyric acid, 6-aminovaleric acid, aspartic acid, 
cystine, glutamic acid, leucine, serine, threonine (?), valine; Drosophila, 
aspartic acid, cystine, glutamic acid, serine; hen’s egg, aspartic acid (?), 
glutamic acid, serine; rat brain, aspartic acid, glutamic acid, serine; rat kid- 
ney, aspartic acid, cystine, glutamic acid, serine. 

The presence of y-aminobutyric and 6-aminovaleric acids in FP. ashbyii 
phospholipides was surprising. The acids were also found free in the 
medium in which the mold was grown and in 50 per cent (v/v) aqueous 
alcoholic extracts of spray-dried cultures. They were isolated from the 
latter source by ion exchange chromatography on buffered (pH 4.2) Am- 
berlite XE-97 and positively identified by comparison of the acids, their 
lactams, and their dinitrophenyl derivatives, with authentic specimens.’ 
Since the relatively non-polar lactams were found in the culture medium, 
it seemed likely that these might not have been separated from the phos- 
pholipides by chromatography. This proved to be so. The lactams were 
added to purified hen’s egg lecithin, which was then repurified by acetone 
precipitation and paper chromatography; both y-aminobutyric and 6- 
aminovaleric acids appeared in hydrolysates of the product. When the 
E. ashbyii phospholipides were further purified by paper electrophoresis, 
these two acids no longer appeared in hydrolysates. 

The experience with lactams suggested that the amino acids in purified 
phospholipide preparations might simply be present as relatively non-polar 
cyclic peptides not chemically bound to lipide. It was indeed found that 
added small cyclic peptides remained with phospholipides through the 
chromatographic purification. However, they were readily removed by 
paper electrophoresis, leaving the phospholipides with their usual amino 
acid content. 

The evidence described in this paper confirms the existence of lipides 
containing various bound amino acids. Chromatography usually removes 


’The decomposition points obtained in a Fischer type apparatus for the isolated 
5-aminovaleric acid and y-aminobutyric acid were 153° (literature, 157° (55)) and 197° 
(literature, 202° (56)), respectively, with some variation, depending on the rate of 
heating. The isolated amino acids were indistinguishable from authentic 6-amino- 
valerie acid and y-aminobutyrie acid (California Foundation for Biochemical Re- 
search) in the paper electrophoretic or two-dimensional chromatographic systems 
described above, although both of these systems separate them from all of the a- 
amino acids, B-alanine, e-aminocaproic acid, and from each other. Moreover, both 
the lactams and the dinitropheny] derivatives prepared from the isolated compounds 
and from the authentic specimens were identical, respectively, in chromatographic 
behavior. 
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unbound amino acids and peptides from phospholipide preparations, but 
paper electrophoresis is a necessary test to establish the absence of cyclic 
peptides and lactams. The way in which the amino acids are bound is 
still not clear. Dinitrophenylation (53, 57) of fly and EF. ashybii phos- 
pholipides, followed by hydrolysis and paper chromatography, has so far 
failed to reveal any dinitrophenylamino acids; a similar observation was 
recently reported by Cheftel et al. (20). Hydrolysates of all preparations 
contain major amounts of ethanolamine and this might indicate a peptidyl- 
phosphatidylethanolamine structure (an alternative is the phosphatidyl- 
seryl-peptide structure considered by Baer (58)). 

Work is now in progress on the isolation of the presumed peptidyl-phos- 
pholipides in quantity, and the larger scale work has revealed the presence 
of components which have a greater variety of amino acids than is found 
in the fractions described here. Studies on the biochemical function of 
these substances, particularly in relation to a possible role in protein syn- 
thesis, have been instituted. 


SUMMARY 


1. Evidence is presented which demonstrates the existence, in a variety 
of tissues, of amino acid derivatives of lipides. Amino acids found include 
several which do not contain hydroxy] groups. Among these are alanine, 
leucine, aspartic acid, glutamic acid, and cystine. 

2. Methods are presented that permit a clear distinction between bound 
amino acids and those rendered soluble by phospholipides. Paper electro- 
phoresis is particularly satisfactory for this purpose. 

3. The substances under consideration appear to be peptide derivatives 
of phospholipides. 

4. y-Aminobutyric acid and 6-aminovaleric acid have been identified as 
normal constituents in the fungus HKremothecium ashbyii, and the corre- 
sponding lactams appear as contaminants in phospholipide preparations 
obtained from it. 
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THE ENZYMIC INTERCONVERSION OF URIDINE 
DIPHOSPHOGALACTOSE AND URIDINE 
DIPHOSPHOGLUCOSE 
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The reversible transformation of galactose into glucose in biological sys- 
tems is important both for the utilization of dietary galactose as fuel (via 
hexose 6-phosphate) and for the biosynthesis of complex galactose-con- 
taining compounds from glucose or acetate. The first step in the metab- 
olism of galactose in both yeast and animal tissues is phosphorylation in 
the 1 position of the hexose to form a-Gal-1-P' (1-3). The interconversion 
of the hexoses then takes place according to the following equations, in 
which uridine diphosphoglucose functions catalytically. 


(1) Gal-1-P + UDPG = G-1-P + UDPGal 
(2) UDPGal = UDPG 
(1) + (2), Gal-1-P = G-1-P 


The essential participation of UDPG in the over-all interconversion of the 
hexose phosphates was first observed by Caputto et al. (4). Leloir inves- 
tigated Reaction 2 as an independent reaction by using substrate quanti- 
ties of UDPG (5). Dialyzed extracts of galactose-adapted yeast brought 
about an equilibrium at which 75 per cent of the uridine-bound hexose 
was glucose and 25 per cent galactose. 

Reaction 1 was first observed as an independent reaction by Kalckar 
etal. (6). The specific uridyl transferase, Gal-1-P uridy]l transferase, which 
catalyzes this reaction, has recently been purified by Kurahashi and An- 
derson.? 

The enzyme which catalyzes Reaction 2 has been called galacto-walden- 
ase. This term, however, has also been used for the over-all intercon- 
version of the hexose phosphates. Since the two enzymes involved have 
now been separated, and since the change of configuration at the carbon 
4 position of the hexose does not occur by a Walden type inversion (see 


! The following abbreviations are used: UDPG, uridine diphosphoglucose; UDP- 
Gal, uridine diphosphogalactose; G-1-P, a-p-glucose 1-phosphate; Gal-1-P, a-p- 
galactose 1-phosphate; DPN and DPNH, oxidized and reduced diphosphopyridine 
nucleotide, respectively; TPN, triphosphopyridine nucleotide; PCMB, p-chloromer- 
curibenzoate UDPGA, uridine diphosphoglucuronie acid. 

? Kurahashi, K., and Anderson, E. P., unpublished data. 
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below), we have proposed that the enzyme which catalyzes Step 2 be 
called uridine diphosphogalactose-4-epimerase (7). 

The discovery of a specific DPN-linked dehydrogenase for UDPG (8) 
has made possible a direct spectrophotometric assay for this nucleotide. 
By making use of the dehydrogenase as an indicator enzyme, the epimerase 
has been purified from calf liver, and some investigations on the mecha- 
nism of the reaction have been carried out. 


Materials and Methods 


Chemicals—DPN, DPNH, TPN, and UDPG were obtained either from 
the Sigma Chemical Company, St. Louis, or the Pabst Laboratories, Mil- 
waukee. DPN analogues were the gift of Dr. Nathan Kaplan, Johns 
Hopkins University. Gal-1-P was prepared according to Colowick (9) 
from 1-bromotetraacetyl galactose kindly supplied by Dr. Hewitt G. 
Fletcher, Jr., National Institutes of Health. Tritiated water, 5 me. per 
ml., was purchased from the Abbott Laboratories, Oak Ridge, Tennessee. 
Tritiated water, 89 mc. per ml., was obtained from Tracerlab, Inc., Boston. 
DPNH labeled in both the a- and 8-para positions with tritium was pre- 
pared by chemical reduction of DPN with sodium hydrosulfite (10) in the 
presence of tritiated water. DPN labeled in the para position with tritium 
was prepared either by an adaptation of the method of San Pietro (11) 
or by oxidation of the chemically reduced labeled DPNH with pyruvate 
and lactic dehydrogenase. Both DPN and DPNH were precipitated with 
ethanol and were dissolved in water to remove tritium from the readily 
exchangeable positions. The water solutions were lyophilized and the 
labeled nucleotides redissolved in water. 

UDPGal was prepared enzymatically from UDPG and Gal-1-P with 
either the crude liver fraction described below or, in some cases, purified 
Gal-1-P uridyl transferase.2 For example, the following mixture was in- 
cubated for 1 hour at room temperature: 80 uwmoles of UDPG, 160 umoles 
of Gal-1-P, 180 wmoles of TPN, 1.8 mmoles of cysteine, 1.5 mmoles of 
MgCl, and 10 ml. of a crude liver fraction in a final volume of 160 ml. of 
0.1 m glycine buffer, pH 8.7. The reaction was followed by increase in 
optical density at 340 mu. TPN was reduced by the successive action of 
phosphoglucomutase and glucose-6-phosphate dehydrogenase on the G-1-P 
liberated by the uridyl transferase. All three enzymes are present in the 
crude liver preparation. At the completion of the reaction, the pH was 
adjusted to 3 and the nucleotides were adsorbed on Darco KB (12). After 
elution with 50 per cent ethanol containing 1:1000 NH,OH, the mixture 
was evaporated to a small volume, streaked on Whatman No. 3 paper, 
and chromatographed in ethanol-ammonium acetate (13) for 24 hours. 
UDPGal was eluted with water. 43 ywmoles of UDPGal containing 3.5 
umoles of UDPG were recovered. 
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Crude Galactose-1-phosphate Uridyl Transferase—10 gm. of calf liver 
acetone powder were extracted with 200 ml. of cold distilled water by 
stirring for 30 minutes. The mixture was centrifuged and 110 ml. of 
saturated ammonium sulfate (5°) were added to 165 ml. of the clear water 
extract. The precipitate was ceninfuged and discarded. 136 ml. of satu- 
rated ammonium sulfate were added to the supernatant solution and the 
precipitate was centrifuged and dissolved in water (volume, 31 ml.). Con- 
ductivity measurements on the Barnstead purity meter (Barnstead Still 
and Sterilizer Company, Boston, Massachusetts) showed the solution to 
be 32 per cent saturated with ammonium sulfate. 4 ml. of saturated 
ammonium sulfate were added to bring the concentration to 40 per cent 
of saturation. The precipitate was centrifuged and discarded. 7 ml. of 
saturated ammonium sulfate were added to the supernatant solution and 
the precipitate was centrifuged and dissolved in 20 ml. of H.O. The 
solution was rapidly brought to 50° by immersion in a boiling water bath. 
The temperature was msintained for 1 minute in a 50° water bath. The 
solution was cooled rapidiy and the precipitate centrifuged and discarded. 
The clear supernatant solution was suitable for use in preparing UDPGal. 
It contained both phosphoglucomutase and glucose-6-phosphate dehy- 
drogenase which pull the reaction toward completion by removing G-1-P 
liberated by the transferase. UDPGal-4-epimerase is inactivated by the 
heating process and thus tne UDPGal formed in the reaction mixture is 
not reconverted to UDPG, but accumulates. 

Indicator Enzymes—UDPG dehydrogenase was prepared as described 
by Strominger et al. (8). Phosphoglucomutase was purified by the method 
of Najjar (14) and glucose-6-phosphate dehydrogenase by the procedure 
of Kornberg (15). Alcohol and lactic dehydrogenases were purchased from 
the Worthington Biochemical Corporation, Freehold, New Jersey. 

Other Methods—Spectrophotometric measurements were made on a 
Beckman DU spectrophotometer adapted by means of a pinhole filter for 
use with a volume of 0.5 ml. in silica cells with a 10 mm. light path. 

Tritium was counted in a Packard Instrument Company liquid scintilla- 
tion counter. The counting solution consisted of 8 ml. of toluene contain- 
ing 0.4 gm. of diphenyloxazole per 100 ml., 1.9 ml. of absolute ethanol, and 
0.1 ml. of aqueous solution of material to be counted. About 8 per cent 
efficiency was obtained with this method. 

Protein was determined by the method of Lowry et al. (16), and UDPG 
spectrophotometrically by reduction of DPN upon addition of UDPG 
dehydrogenase (8). UDPGal was determined in a similar manner by 
subsequent addition of purified UDPGal-4-epimerase, and DPN by the 
alcohol dehydrogenase method (17). 

Enzyme Assay—UDPGal-4-epimerase was assayed spectrophotometri- 
cally by the rate of increase in optical density at 340 my. UDPGal was 
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used as substrate and an excess of UDPG dehydrogenase and DPN was 
present as the indicator system. The principle of the assay is indicated 
by the following equations: 


(3) UDPGal — UDPG 
(4) UDPG + 2DPN — UDPGA + 2DPNH + 2H* 


The reaction was carried out in a final volume of 0.5 ml. of 0.1 m glycine 
buffer at pH 9.0. Each cuvette contained 0.035 umole of UDPGal, 0.5 
umole of DPN, and 200 units of UDPG dehydrogenase. Because of small 
amounts of UDPG present in the UDPGal preparation, it was necessary 
to wait several minutes after addition of the dehydrogenase before a con- 
stant optical density at 340 my was reached. At this time UDPGal-4- 
epimerase was added and the reaction was observed for 4 minutes. Dur- 
ing the early stage of the purification a blank without UDPGal was run. 
A unit of activity was defined as an increase in optical density at 340 mu 
of 0.001 per minute under the conditions of the assay. The rate of the 
reaction was proportional to enzyme concentration up to an increase in 
optical density of about 0.050 per minute. 

Purification of Uridine Diphosphogalactose-4-epimerase—Acetone powder 
from liver of freshly slaughtered calves was prepared according to Horecker 
(18). The enzyme was stable in the dry powder stored at —10° for at 
least 1 month. The purification procedure was carried out at 0—5°, except 
as otherwise noted. 

Step 1; Water Extract of Acetone Powder—50 gm. of acetone powder were 
extracted with 1000 ml. of water by light grinding in a mortar, followed by 
stirring for 30 minutes. The suspension was centrifuged and the residue 
discarded. 

Step 2; Fractionation with Acetone (0 to 25 Per Cent)—The water extract 
(910 ml.) was adjusted to pH 5.4 with 1 M acetic acid. The precipitate 
was centrifuged immediately and discarded. The solution was cooled to 
0° and 295 ml. of acetone (— 15°) were added dropwise over a period of 30 
minutes, the solution being stirred continuously during the addition, and 
the temperature kept between 0° and —2°. The precipitate was centri- 
fuged and dissolved in 300 ml. of 0.1 m glycine buffer, pH 8.0. 

Step 3; Precipitation with Alkaline Ammonium Sulfate (between 45 and 
65 Per Cent Saturated)—To 300 ml. of the dissolved precipitate from Step 
2 were added 245 ml. of alkaline ammonium sulfate (pH 8.0, when diluted 
5-fold, prepared by adding 3.7 ml. of concentrated NH,OH to 1 liter of 
saturated ammonium sulfate). The precipitate was centrifuged and dis- 
carded. 315 ml. of alkaline ammonium sulfate were added to the super- 
natant fraction. The precipitate was centrifuged and dissolved in 80 ml. 
of distilled water; the solution was stored at —20° overnight. 
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Step 4; Precipitation at pH 4.6—To 80 ml. of the solution from Step 3 
were added 80 ml. of 0.5 M acetate buffer, pH 4.6, in 50 per cent saturated 
ammonium sulfate (prepared by adding 50 ml. of 1 mM sodium acetate buf- 
fer, pH 4.6, to 50 ml. of saturated ammonium sulfate). After being allowed 
to stand for 10 minutes, the precipitate was centrifuged and dissolved in 
80 ml. of 0.05 m glycine, pH 8.7. 

Step 5; Adsorption and Elution from Calcium Phosphate Gel—The solu- 
tion from Step 4 was diluted to 160 ml. with distilled water, and 65 ml. of 
calcium phosphate gel (17.9 mg. per ml.) were added to the diluted solu- 
tion. The suspension was stirred for 10 minutes and centrifuged. The 
supernatant solution was discarded and the gel was suspended in 100 ml. 


TaBLeE I 
Purification of Uridine Diphosphogalactose-4-epimerase 
Step No ere Units per mg. protein Ratio, ee 
1 840 77 1.3 
2 1000 410 0.11 
3 900 1,200 
4 560 2,800 0.04 
5 650 6,880 
6 520 16,200 0.006 


* Assayed spectrophotometrically by the rate of appearance of TPNH in the 
presence of an excess of both phosphoglucomutase and glucose-6-phosphate dehy- 
drogenase. 


of 0.1 M phosphate buffer, pH 7.5. After being stirred for 10 minutes, the 
gel was centrifuged and discarded. 

Step 6; Precipitation with Ammonium Sulfate (between 45 and 65 Per 
Cent Saturated)—26 gm. of ammonium sulfate were added to the clear 
solution from Step 5, and the precipitate was centrifuged and discarded. 
14 gm. of ammonium sulfate were added to the supernatant solution and 
the precipitate was centrifuged and dissolved in 20 ml. of 0.25 m glycyl- 
glycine buffer, pH 7.5. The solution was lyophilized and stored at —20°. 

The results of the purification procedure are shown in Table I. Assays 
for Gal-1-P uridy] transferase were carried out at some stages and the ratio 
of the two activities is given. 

Properties of Uridine Diphosphogalactose-4-epimerase Stability—The puri- 
fied enzyme could be kept frozen in 0.5 m glycylglycine buffer at pH 7.5 
for periods of 1 to 2 weeks without significant loss of activity. The lyophil- 
ized powder stored at — 20° was stable for at least 3 months. 

pH Optimum—tThe effect of pH on activity of UDPGal-4-epimerase is 
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EFFECT OF pH ON UDPGal- 4-EPIMERASE 
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Fig. 1. The reaction mixtures contained 0.055 wmole of UDPGal, 0.1 umole of 
DPN, and 12 y of 4-epimerase ina total volume of 0.5 ml. of mixed buffer at indicated 
pH (potassium phosphate, tris(hydroxymethyl)aminomethane, and glycine each in a 
concentration of 0.1m). Incubation was at room temperature for 10 minutes. The 
reaction was stopped by heating for 30 seconds at 100°. The entire reaction mixture 
was assayed with UDPG dehydrogenase and DPN for UDPG formed, 


EFFECT OF UDPGol CONCENTRATION 
ON UDPGol-4-EPIMERASE 
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UDPGal CONCENTRATION (M X10°) 


Fic. 2. The reaction mixture contained, in addition to the indicated concentra- 
tion of UDPGal, 0.2 umole of DPN and 12 y of 4-epimerase in a total volume of 0.5 
ml. of 0.1 m glycine buffer, pH 8.7. Incubation was at room temperature for 5 min- 
utes. The reaction was stopped by heating for 30 seconds at 100°. The entire re- 
action mixture was assayed with UDPG dehydrogenase and DPN for UDPG formed. 
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shown in Fig. 1. The enzyme has a broad pH optimum between 8 and 
9.6. 

Substrate Concentration—The effect of UDPGal and UDPG concentration 
on enzyme activity is shown in Figs. 2 and 3. The affinity constant (Kn) 
calculated from these data according to the method of Lineweaver and 
Burk (19) is 9 & 10-5 for UDPG and 5 X 10-5 for UDPGal. 


EFFECT OF UDPG CONCENTRATION 
ON UDPGal-4-EPIMERASE 
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UDPG CONCENTRATION (M X 10°) 


Fic. 3. The reaction mixture contained, in addition to the indicated concentration 
of UDPG, 0.1 umole of DPN and 10 y of 4-epimerase in a total volume of 0.5 ml. of 
0.1 mM glycine buffer, pH 8.7. Incubation was at room temperature for 4 minutes. 
The reaction was stopped by heating for 30 seconds at 100°. Suitable aliquots of the 
reaction mixture were assayed with UDPG dehydrogenase and DPN for UDPG re- 
maining. UDPGal formed was measured in the same aliquots by the subsequent 
addition of UDPGal-4-epimerase. 


Inhibition by Mercury—Table II shows that the enzyme is inhibited by 
low concentrations of PCMB. This inhibition is completely overcome by 
cysteine. Cysteine alone has only a slight stimulatory effect. 


Mechanism of Reaction 


DPN Requirement—As reported in a preliminary communication (20), 
purified UDPGal-4-epimerase shows a requirement for catalytic amounts 
of DPN. The effect of DPN concentration on the rate of the reaction is 
shown in Fig. 4. The K,, for DPN calculated from these data is 2 X 1077. 
The requirement for DPN suggests that the reaction occurs by an oxida- 
tion at the 4 position of the hexose moiety followed by reduction with or 
without an inversion of the configuration. That the cofactor is DPN and 
not some impurity in the preparation was borne out by experiments with 
Neurospora DPNase as well as by experiments with DPNH. DPN prein- 
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TABLE II 

Inhibition of Uridine Diphosphogalactose-4-e pimerase by PCMB 
The reaction mixtures contained 0.033 ywmole of UDPGal, 0.25 wmole of DPN, 12 
y of 4-epimerase, cysteine, and PCMB as indicated, in a total of 0.5 ml. of 0.1 
glycine buffer, pH 8.7. Incubation was at room temperature for 15 minutes. The 
reaction was stopped by heating at 100° for 30 seconds. The entire reaction mixture 
was assayed for UDPG formed with UDPG dehydrogenase and DPN. 


PCMB | Cysteine | UDPG formed Inhibition 
MX 108 | uw xX 103 | mumoles | per cent 
| 9.6 | 
| 6.7 | 30 
2 | | 4.8 | 50 
4 | | 4.2 56 
10 | | 1.0 | o4 
10 7.6 10.4 | —-Y 

7.6 | 10.9 —13 


EFFECT OF DPN CONCENTRATION 
ON UDPGal-4-EPIMERASE 
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Fic. 4. The reaction mixture contained, in addition to the indicated concentration 
of DPN, 0.1 umole of UDPGal and 10 y of 4-epimerase in a total volume of 1.0 ml. of 
0.1 mM glycine buffer, pH 8.7. Incubation was at room temperature for 5 minutes. 
The reaction was stopped by heating for 30 seconds at 100°. Aliquots of the reaction 
mixture were assayed with UDPG dehydrogenase and DPN for UDPG formed. 


cubated with DPNase was not active in the 4-epimerase system. DPNH, 
which is itself inactive, became active when it was first oxidized with 
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acetaldehyde and alcohol dehydrogenase. DPN could not be replaced by 
TPN. All of the DPN analogues so far tested, including the a isomer of 
DPN, the acetyl pyridine and the pyridine 3-aldehyde analogues, and 


TaBLeE III 
Dependency upon DPN at Various Stages of Purification 

The incubation mixtures contained 0.033 wmole of UDPGal, 0.07 umole of DPN 
(where indicated), and appropriate amounts of 4-epimerase at the stated stage of 
purification in a total of 0.5 ml. of 0.1 M glycine at pH 8.7. Incubation was at room 
temperature for 10 minutes. The reaction was stopped by heating for 30 seconds at 
100°. UDPG formed was measured spectrophotometrically by the addition of DPN 
and UDPG dehydrogenase. 


UDPG formed 
Purification Step No. Ratio, 
With DPN Without DPN y 
myumoles myumoles 
l 6.7 2.0 3.3 
2 15 2.4 6.2 
3 15 1.2 12 
4 20 1.7 12 
5 16 1.0 16 
6 10 <0.5 > 20 
TABLE IV 


Inhibition of Uridine Diphosphogalactose-4-epimerase by DPNH 
The reaction mixture contained 0.033 wmole of UDPGal, 0.1 wmole of DPN (ex- 
cept as otherwise noted), DPNH as indicated, and 12 y of 4-epimerase in a final 
volume of 0.5 ml. of 0.1 mM glycine buffer, pH 8.7. Incubation was for 10 minutes at 
room temperature. The reaction was stopped by heating for 30 seconds at 100° and 
UDPG formed was assayed with DPN and UDPG dehydrogenase. 


DPNH UDPG formed Inhibition 
uw xX 104 mpmoles per cent 
18 

l 8.3 54 

2 5.8 67 

4 3.7 80 

8 1.6 91 

4 (+10-° m DPN) 6.3 65 


deamino DPN have been inactive. The analogues were added in a con- 
centration at which DPN activity was maximal (5 X 10-5). The pyri- 
dine 3-aldehyde analogue caused about 50 per cent inhibition at 5 X 107-5 
M in the presence of an equal concentration of DPN. Table III shows 
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how the stimulatory effect of DPN increases with purification of the en- 
zyme. 

Inhibition by DPNH—DPNH inhibits UDPGal-4-epimerase. The ex- 
tent of this inhibition is shown in Table IV. Increasing the DPN concen- 
tration partially overcomes the inhibition. 

Attempts to Detect Oxidized Intermediate—Several attempts to trap an 


TABLE V 
Uridine Diphosphogalactose-4-epimerase with Tritium-Labeled DPN 


In Experiment 1, the reaction mixture contained 0.55 ymole of UDPGal, 0.6 umole 
of DPN (2000 ¢.p.m. per ymole, prepared by the method of San Pietro (11)), and 0.2 
mg. of 4-epimerase in a final volume of 8 ml. of 0.1 M glycine, pH 9. Incubation was 
at room temperature for 40 minutes. In Experiments 2 and 3, the reaction mixtures 
contained 1.0 umole of UDPGal, 0.9 umole of DPN (6800 c.p.m. per umole, prepared 
by enzymatic oxidation of labeled chemically reduced DPNH*), and 0.3 mg. of 
4-epimerase in a final volume of 10 ml. of 0.1 mM glycine, pH 9. Incubation was at 
room temperature for 3 hours. 


Experi- 
UDPG-UDPGalf DPN 
| | | cpm. | 
1 Experimental 0.13 27 0.15 220 1500 
Heated enzymic control 0.19 20 0.15 227 1500 
2 I-xperimental 0.49 40 0.11 473 4300 
Heated enzymic control 0.49 39 0.10 410 4100 
3 Experimental 0.51 42 0.08 407 5100 
Heated enzymic control 0.51 30 0.07 304 4300 


* The activity in the chemically reduced DPNH was 15,000 c.p.m. per umole. 
The DPN isolated after oxidation with pyruvate and lactic dehydrogenase contained 
6800 c.p.m. per umole. This agrees with the data of Loewus ef al. (22) and indicates 
that the labeling in the DPNH in the experiments of Table VI and the labeling in 
the DPN used here are in the site undergoing oxidation-reduction (para position). 

t Nucleotides were isolated by adsorption and elution from Darco, followed by 
paper chromatography in ethanol-ammonium acetate (13). 


oxidized intermediate were made by running the reaction in the presence 
of 0.05 m thiosemicarbazide, 0.1 m hydroxylamine, or 0.1 mM hydrazine. 
The course of the reaction was not influenced by these carbonyl] reagents, 
and no indication of the accumulation of a 4-keto compound could be ob- 
tained. Likewise, DPNH did not accumulate in the presence of the 
trapping agents. Attempts to accumulate an oxidized intermediate by 
coupling the reaction with DPNH oxidase from Clostridium kluyveri or 
with acetaldehyde and alcohol dehydrogenase were also unsuccessful. 
Attempts to Elucidate Mechanism by Use of Tritium-Labeled DPN and 
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DPNH—The work of Vennesland and Westheimer and their associates 
(21) suggested that some insight into the mechanism of the reaction might 
be obtained by the use of DPN or DPNH labeled in the para position with 
tritium. If the reaction occurs by an oxidation-reduction in which DPN 
serves as the electron transport agent, then tritium might be introduced 
from DPN or DPNH into the hexose moiety of the uridine nucleotide. 
The results of experiments in which the 4-epimerase reaction was run in 
the presence of the labeled diphosphopyridine nucleotides are given in 


TaBLe VI 
Uridine Diphosphogalactose-4-epimerase with Tritium-Labeled DPNH 

In Experiment 1, the incubation mixture contained 0.5 umole of UDPGal, 0.3 
umole of DPN, 0.4 umole of DPNH (4000 ¢.p.m. per umole), and 0.42 mg. of 4-epi- 
merase in a final volume of 5 ml. of 0.1 mM glycine buffer, pH 8.7. Incubation was at 
room temperature for 4 hours. In Experiment 2, the incubation mixture contained 
1.3 wmoles of UDP glycosyl compounds (1.0 wmole of UDPGal and 0.3 umole of 
UDPG), 0.5 umole of DPN, 1.0 umole of DPNH (15,000 c.p.m. per umole), and 0.4 
mg. of 4-epimerase in a final volume of 10 ml. of 0.1 mM glycine, pH 8.9. Incubation 
was at room temperature for 5 hours. 


Experiment No. UDPG-UDPGal counted* 
umole c.p.m. 
I-xperimental 0.17 40 
Control (heated enzyme) 0.20 33 
2 Experimental 0.59 180 
Control (heated enzyme) 0.64 290 


* Nucleotides were isolated from the reaction mixtures by adsorption on Darco, 
followed by paper chromatography in ethanol-ammonium acetate (13). DPNH 
could not be isolated as such because of the acid conditions required for adsorption 
on Darco. The counts in the isolated uridine nucleotide, both control and experi- 
mental, are probably due to contamination of the uridine nucleotide with small 
amounts of the breakdown products of DPNH. 


Tables V and VI. Tritium was not transferred from the para position of 
either labeled DPN or labeled DPNH to the uridine nucleotide, even 
though the reactions were run for periods of time well in excess of the time 
required to reach equilibrium. 


DISCUSSION 


Several mechanisms have been proposed to describe the change of con- 
figuration around the carbon 4 position of the hexose when glucose and 
galactose are interconverted. These include a Walden inversion with dis- 
placement by water of the medium, aldol cleavage and recondensation, 
dehydration-rehydration, and oxidation-reduction (23, 24). Anderson, 
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Landel, and Diedrich (25) as well as Kowalsky and Koshland (26), all 
working with the bacterial system described by Hansen and Craine (27), 
have shown that O"* is not incorporated into the hexose when the reaction 
is run in H,O"*. The latter workers also showed that tritium is likewise 
not incorporated from tritiated water. We have reported that tritium is 
not introduced from labeled water into the hexose moiety of the uridine 
nucleotide by the purified liver enzyme (8). As already discussed in pre- 
vious communications (7, 25, 26), the lack of incorporation of O'* rules 
out a typical Walden inversion as well as a dehydration-rehydration mech- 
anism. The lack of incorporation of tritium is also inconsistent with 
dehydration-rehydration. The experiments with labeled water are all 
consistent with an oxidation-reduction mechanism. These, together with 
the DPN requirement, make oxidation-reduction by far the most likely 
mechanism. If the reaction does proceed by oxidation-reduction, then the 
lack of transfer of tritium from the para position of DPN to the hexose 
must indicate either that the hydrogen originally removed from the hexose 
in the first step is stereospecifically reintroduced into the isomeric hexose in 
the second step or that the para position is not the active site in this reac- 
tion. Although the latter possibility seems unlikely, it would serve also 
to explain the lack of incorporation of tritium from DPNH labeled in both 
hydrogens of the para position. Another explanation might be that 
DPNH never dissociates from the enzyme during the reaction, but exists 
only momentarily in a substrate-DPNH enzyme complex. TF inally, in the 
absence of definitive experimental proof that oxidation-reduction is the 
mechanism of the reaction, the possibility must remain that DPN fune- 
tions in this system in some other capacity than its usual one of hydrogen 
transport agent. 


SUMMARY 


Uridine diphosphogalactose-4-epimerase has been purified about 200- 
fold from calf liver acetone powder. The purified enzyme requires cata- 
lytic amounts of diphosphopyridine nucleotide. Attempts to trap an 
oxidized intermediate by running the reaction in the presence of carbonyl] 
reagents were unsuccessful. No detectable reduced diphosphopyridine 
nucleotide accumulated during the reaction, and coupling the reaction with 
other enzymatic systems to oxidize it again had no effect. No tritium was 
introduced into the hexose moiety of the uridine nucleotide when the re- 
action was run in the presence of oxidized or reduced diphosphopyridine 
nucleotide labeled with tritium in the para position. Although oxidation- 
reduction seems to be the most likely mechanism of the reaction, the possi- 
bility remains that diphosphopyridine nucleotide functions in this system 
in some as yet undescribed manner. 
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STUDIES ON PITUITARY LACTOGENIC HORMONE 
XVI. MOLECULAR WEIGHT OF THE OVINE HORMONE* 
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(From the Hormone Research Laboratory and the Department of Biochemistry, 
University of California, Berkeley, California) 


(Received for publication, June 3, 1957) 


Previous reports of the molecular weight of lactogenic hormone (pro- 
lactin) have not been in complete agreement; by various methods of de- 
termination, values between 22,000 and 32,000 have been obtained (1, 2). 
We have recently estimated the minimal molecular weight of the ovine 
hormone to be 25,000 by N-terminal amino acid analysis (3). The present 
communication reports the molecular weight of the hormone protein as 
determined by molecular kinetic data. 


EXPERIMENTAL 


Lactogenic hormone, with a crop sac-stimulating activity of 35 1.u. per 
mg., was isolated from whole sheep pituitary glands by the simplified pro- 
cedure previously described by Cole and Li (4). The preparations em- 
ployed have been shown to possess only 1 N-terminal residue (3) and to 
behave as homogeneous proteins in countercurrent distribution (4) and 
in chromatography on a hydroxylapatite column (5). 

Sedimentation measurements were made in a Spinco model E ultra- 
centrifuge at a speed of 59,780 r.p.m. and at a temperature of 22° + 1°. 
Diffusion experiments were carried out at 1° in a Spinco electrophoresis- 
diffusion apparatus. The apparent specific volume was computed from 
density measurements at 25° + 0.02° in a pycnometer (2 ml. in volume) 
of the standard Sprengel-Oswald type (6). 


Results 


Sedimentation coefficients (seo) were determined over a range of protein 
concentration (0.20 to 1.37 gm. per 100 ml.) in 0.1 Mm NaHCQs, in 0.04 m 
borate buffer of 0.1 ionic strength (KCl) and pH 8.43, and in 0.02 m 
cacodylate buffer of 0.1 ionic strength (NaCl) and pH 7.50. As shown 
in Fig. 1, the variation of s29 in relation to protein concentration (C, per 
cent) may be represented by the equation: sx = 2.19 —0.09 C. Thus 


* Aided in part by grant No. G-4097 from the National Institutes of Health, United 


States Public Health Service. 
+t Present address, The Rockefeller Institute for Medical Research, New York. 
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the value of seo at infinite dilution is 2.19 S. In every instance, prolactin 
sediments as a well defined and symmetrical single peak. 

Two diffusion experiments were carried out with protein concentrations 
of 0.2 and 0.6 per cent in 0.1 Mm NaHCO;. Diffusion coefficients were 
computed by both the maximal ordinate-area method (D,) and the method 


e 
e—*_* 


e 0.1 M NaHCO, 
© pH 8.43 Borate Buffer 
4 pH 7.50 Cacodylate Buffer 


1 


05 LO 
Concentration, Per Cent 


Fic. 1. Sedimentation constant of ovine prolactin as a function of concentration 


TaBLeE [ 
Diffusion Constant of Sheep Lactogenic Hormone in 0.1 « NaHCO; at 20° 


Diffusion constant* K 107 
Per cent concentration 
Da Dr 
0.2 8.29 8.41 
0.6 8.29 8.47 


* D4 was calculated by the maximal ordinate-area method; Dr from Rayleigh 
interference fringes (7). 


of Longsworth (7) from Rayleigh interference fringes (Dy). The results 
are summarized in Table I. It should be noted that the values calculated 
for Dry are somewhat higher than those for D,. Since the diffusion coef- 
ficients as computed from interference fringes are known to be the more 
accurate (8), 8.44 K 10-7 em.’ sec.—', the mean value for Dy may therefore 
be taken to be the diffusion coefficient of prolactin. 

Density determinations of prolactin solutions were made at two protein 
concentrations (0.42 and 0.84 per cent) ; the apparent specific volume (V2) 
of the hormone protein was computed to be 0.741 at the former concen- 
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tration and 0.738 at 0.84 per cent. The mean value for the apparent 
specific volume of prolactin is thus 0.739 ml. per gm. 


DISCUSSION 


From the data given above, the molecular weight of prolactin can be 
calculated, a value of 24,200 being obtained. This value is in agreement 


TABLE II 
Amino Acid Composition of Lactogenic Hormone 
Preliminary analyses by paper-LDNP procedure (12); see the text. 


Gm. amino acid per 100 
No. of residues | Gm. amino acid a... por pd. gm. hormone protein 
wt. 24,200 24,200 (by paper DNP | Paper-DNP biolugica 
procedure) procedure |  ethod* 
11 1718.2 7.13 7.95 8.6 
3 612.9 2.54 2.99 3.1 
Aspartic acid. ...... 19 2186.9 9.08 10.50 11.6 
Giutemie “ ....... 22 2840.2 11.79 13.43 14.1 
7 960.4 3.99 4.51 4.5 
Leucine + isoleucine 37 4188.4 17.38 20.15 19.7 
10 1282.0 5.32 6.07 5.3 
Methionine. ........ 7 918.4 3.81 4.33 3.6 
Phenylalanine. ...... 1177.6 4.89 5.48 4.1 
14 1359.4 5.64 6.69 6.2 
18 1567.8 6.51 7.85 6.5 
Threonine........... 11 1112.1 4.62 5.44 4.8 
12 1189.2 4.94 5.83 5.9 
7 1142.4 4.74 5.26 4.7 
Tryptophanf........ 2 372.4 1.55 1.69 1.2 
Amide NH;........ 17t 
| 211 24,100 100.02 115.98 


* Taken from Li (13). 
+ Determined spectrophotometrically (11). 
t This value is not included in the total. 


with that determined by osmotic pressure measurements (9) and is con- 
siderably lower than was reported by White et al. (10), who estimated the 
molecular weight of prolactin to be 32,000 from their preliminary data on 
sedimentation and diffusion coefficients. 

The value of 24,200 for the molecular weight of prolactin is consistent 
with the data derived from N-terminal residue analysis (3). Preliminary 
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analysis of the amino acid composition of the hormone protein by spec- 
trophotometric (11) and paper chromatographic procedures (12) indicated 
that the minimal molecular weight of prolactin is 24,100 (Table II). It 
may be noted that the percentages of most of the amino acids obtained in 
this preliminary investigation are in agreement with the values previously 
obtained by microbiological procedures (13). 


SUMMARY 


Lactogenic hormone (prolactin) isolated from sheep pituitaries appeared 
to be monodisperse, with a sedimentation constant of 2.19 8, when it was 
submitted to ultracentrifugation. From the value for s, together with 
those for D and V, the molecular weight of the hormone protein was com- 
puted to be 24,200. This value is shown to be consistent with the analyti- 
cal data derived from N-terminal residue analysis and amino acid compo- 
sition. 
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STUDIES ON PITUITARY LACTOGENIC HORMONE 
XVII. OXIDATION OF THE OVINE HORMONE WITH PERFORMIC ACID 
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(From the Hormone Research Laboratory and the Department of Biochemistry, 
University of California, Berkeley, California) 


(Received for publication, June 3, 1957) 


Previous investigations have shown that the ovine prolactin is composed 
of a single chain at the N terminus, with threonine as the terminal residue 
(1). Since the hormone protein has 3 cystine residues (2, 3), it might be 
anticipated that one or more of these three —S—-S— bridges may form a 
branched chain in the C terminus or along a portion of the polypeptide 
chain. If this were the case, oxidation of the cystine residues would cause 
both a decrease in the molecular size of the hormone protein and a forma- 
tion of two or more smaller molecular species. 


EXPERIMENTAL 


The lactogenic hormone, with a crop sac-stimulating activity of 35 1.u. 
per mg., was isolated from whole sheep pituitaries by the procedure pre- 
viously described (4). Oxidation was carried out as follows: 100 mg. of 
prolactin were dissolved in 10 ml. of performic acid and, after being kept 
at 0° for 60 minutes, the solution was diluted with 40 ml. of water, frozen, 
and dried in a vacuum. The lyophilized product was then dissolved in 
50 ml. of water, was brought to a pH of about 9 by the addition of 0.1 
M NaOH, and was dialyzed in the cold for 24 hours before being again 
lyophilized. The final product obtained in this manner is easily soluble 
in water. Performic acid was prepared by mixing 1 part of H:O. and 9 
parts of HCOOH and allowing the mixture to stand at room temperature 
for 1 hour before use. 

Zone electrophoresis on starch was carried out in a cold room at 3° by 
procedures previously described (5, 6). The protein concentration was 
estimated by the Folin reagent as described by Lowry et al. (7). Sedimen- 
tation measurements were made in a Spinco model E ultracentrifuge 
equipped with the temperature control system at a speed of 59,780 r.p.m. 
and a temperature of 23°. Column chromatography with hydroxylapatite! 
as the adsorbent was performed in the manner described by Tiselius et al. 


(8). 


' It is a pleasure to thank Professor Tiselius for his gift of a sample of hydroxylapa- 
tite for these experiments. 
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For qualitative and quantitative analyses to determine the amino acid 
composition of prolactin preparations, the protein sample (3 mg.) was 
hydrolyzed at 110° in a sealed evacuated tube with 0.5 ml. of constant 
boiling (5.7 mM) HCl for 24 hours. A known volume of the hydrolysate 
was applied to a Whatman No. 52 paper for qualitative analysis by two- 
dimensional chromatography in the solvent system of Levy and Chung (9). 
The content of cystine and cysteic acid in the hydrolysate was determined 
by the paper-DNP procedure of Levy (10); tyrosine and tryptophan were 
estimated spectrophotometrically (11). N-Terminal residue analysis was 
performed with the reagent of Sanger (12) as previously described (1). 


RESULTS AND DISCUSSION 


Electrophoresis—In zone electrophoretic experiments, oxidized prolactin 
migrated essentially as a single component in a solution of 0.1 mM NasCO; 
with a mobility higher than that of the native hormone under the same 
conditions (Fig. 1). This increment in the electrophoretic mobility of 
prolactin after oxidation is to be expected if the cystine residues in the pro- 
lactin molecule have been converted to cysteic acid by performic acid. In 
no case was there separation of prolactin preparations into more than one 
component after performic acid oxidation. It should be pointed out that 
the amount of material originally applied to the starch trough could be 
accounted for by the protein recovered from the peak. 

Ultracentrifugation—In 0.1 M NaHCOs, the oxidized prolactin sediments 
as a homogeneous substance (lig. 2). It is evident from Table I that there 
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Fic. 1. Zone electrophoresis of performic acid-oxidized and untreated prolactin 
(10 mg. each) on starch in 0.1 M Na,CO; at 115 volts for 38 hours. The arrow indi- 
cates the site of application of the preparations. 
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is no concentration dependence for the sedimentation constant of the 
oxidized hormone; a mean value of 2.15 S, a value practically identical to 
that determined for the native hormone, was obtained. There was no 
indication of the appearance of a second component during ultracentrifuga- 
tion of oxidized prolactin preparations. 

Chromatography on Hydroxylapatite Column—Tiselius et al. (8) have 
recently demonstrated that proteins believed to be pure could be shown to 
behave heterogeneously in column chromatography with hydroxylapatite 
as the adsorbent. It has recently been shown that, when this technique 
was applied to prolactin, with a 0.01 M phosphate buffer of pH 6.85 as the 
solvent, the hormone protein was completely adsorbed on to the hydroxyl- 
apatite; if the concentration of the buffer was increased to 0.05 m, the 
hormone came off the column as a single peak, but with some noticeable 
trailing (3). As may be seen in Fig. 3, chromatography of oxidized pro- 
lactin on a hydroxylapatite column gave a pattern identical with that 
observed with the native hormone (3), and a complete recovery of the pro- 
tein was obtained from the peak. It may be concluded that, under the 
chromatographic conditions used, it was not possible to demonstrate het- 
erogeneity of the oxidized hormone. 


(A) Performic Acid-Oxitdized Prolaccin 


(B) Untreated Prolactin 


Fic. 2. A, ultracentrifugation patterns of 1 per cent performic acid-oxidized pro- 
lactin solution in 0.1 Mm NaHCO, taken 33, 65, 97, 129, and 161 minutes after attain- 
ment of full speed, 50° bar angle; 59,780 r.p.m. at 23°; B, ultracentrifugation patterns 
of | per cent ovine prolactin solution in 0.1 Mm NaHCO, taken 20, 52, 84, 100, and 116 
minutes after attainment of full speed; 50° bar angle; 59,780 r.p.m. at 21.8°. 


159 


cid 
Vas 
ant 
ate 
VO- 
9). 
1ed 
ere 
vas | 
tin | 
ne 
of | 
| 
In 
> | 
ts j | / \ an 
| | 


160 PITUITARY LACTOGENIG HORMONE. XVII 


Analytical Data—A comparison of two-dimensional paper chromato- 
grams of the hydrolysates of native and oxidized prolactin reveals that the 
cystine residues of the oxidized prolactin are completely converted to 
eysteic acid. Similarly, the methionine residues become methionine sul- 


TABLE 


Sedimentation Constant of Performic Acid-oxridized Prolactin 


Preparation Concentra tion* | 
Oxidized | 1.0 | 2.13 
| 0.4 2.01 
Untreatedt 1.1 | 2.17 


0.3 


* In 0.1 M NaHCOs. 
+ Taken from Li ef al. (2). 


0.0/7M pH 6.85 
| Phosphate Buffer 
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0.05 M pH 685 
Phosphate Buffer 


0.10 M pH 6.85 Phosphate Buffer 


Optical Density at 275 mu 


4 = 
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Tube Number 


Fic. 3. Chromatography of performic acid-oxidized prolactin (9 mg.) in a hy- 
droxylapatite column (1.8 & 10¢m.) at 20°; 3.4 ml. per tube. 


fone (Fig. 4). By spectrophotometric determinations (11), it was found 
that the 2 tryptophan residues in the prolactin molecule (2, 3) had been 
destroyed by performic acid; investigations on the products of oxidation 
of the tryptophan residues have not been carried out. However, it is 
clear that destruction of the tryptophan residues did not cause decomposi- 
tion of the hormone protein into fragments. As may be seen in Table II, 
the content of tyrosine in the molecule was slightly lower after the treat- 


1:1 m-Cresol-Phenol, pH 9.3 Borate Buffer 
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Butanol, acetic acid, (4:1:5) 


Asp 


CySO3H 


1:1 m-Cresol-Phenol, pH 9.3 Borate Buffer 


Leu 


Isoleu 


Phe 


Fic. 4. A two-dimensional chromatogram on paper of a 24 hour hydrolysate of 
performie acid-oxidized prolactin. 


ment with performic acid, owing to alteration of some of the tyrosine resi- 
dues in the course of oxidation and recovery of the material; this phenom- 
enon has been noted by previous workers (12-14). 
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Quantitative determination of the content of cysteic acid in the oxidized 
prolactin gave a value of 6 moles per mole of the protein (Table I1) if we 
assume the molecular weight of oxidized prolactin to be the same as the 
native hormone. This value is exactly what would be expected from the 
cystine content of prolactin (2, 3). 

In order to ascertain that no cleavage of the peptide linkages had taken 
place during oxidation with performic acid, N-terminal residue analysis 
was performed by allowing oxidized prolactin to react with fluorodinitro- 
benzene. As in the case of untreated prolactin (2), the only amino groups 


TABLE II 


Analyses for Some of Amino Acids in Performic Acid-Oxidized Prolactin 


Preparation* 
Constituent 
Untreated | Oxidized 


N-Terminal 0.9 


* Values in moles per mole (25,000). 


H-Thr. Pro. Val. Thr. Pro, 


Fic. 5. A proposed structure for ovine prolactin 


found to be dinitrophenylated were the a-amino group of threonine and 
the e-amino groups of lysine residues. The results, summarized in Table 
II, indicate that the number of moles of V-terminal threonine per mole of 
oxidized prolactin is close to unity. 

Proposed Structure of Prolactin Molecule—-Vrom the results of N-terminal 
residue and N-terminal sequence analyses (1), which have disclosed only 
1 residue at that terminus, it might be anticipated that the prolactin mole- 
cule would also possess a single C-terminal residue. Intensive studies (3), 
in which prolactin was submitted both to reaction with carboxypeptidase 
and to hydrazinolysis, gave no indication that the hormone protein posses- 
ses a C-terminal residue at all. It was therefore postulated tentatively 
that the ovine prolactin molecule has a cyclic configuration at the C ter- 
minus (3). 
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In view of the data that have been presented herein, which indicate that 
oxidized prolactin behaves as a single component in electrophoresis, sedi- 
mentation studies, and chromatography, and according to the results of 
N-terminal residue analysis, it would appear that all —S—-S— bridges in 
the molecule are intrachain linkages. Hence, it may be assumed that the 
hormone protein consists of a single polypeptide chain with the sequence 
Thr.Pro.Val.Thr.Pro at the N terminus and with a cyclic configuration at 
the C terminus (Fig. 5). It is entirely possible that 1 of the cystine 
residues forms a loop somewhere along the polypeptide chain, as is the 
ease With the posterior pituitary hormones (15), in which there is a loop 
at the N terminus. 


SUMMARY 


The reaction of performic acid with the ovine prolactin has been investi- 
gated. Although all the —-S—-S— bridges in the hormone protein were 
oxidized by the performic acid, the molecule did not dissociate into peptide 
fragments as evidenced by electrophoresis, sedimentation, and chromatog- 
raphy as well as by the results of N-terminal residue analysis. From these 


and other data, a tentative structure for the prolactin molecule has been 


proposed. 
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GALACTOSE METABOLISM IN RAT LIVER SLICES 
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(Received for publication, June 19, 1957) 


The enzymatic conversions recently elucidated for the metabolism of 
galactose permit the fusing of metabolic schemes which interrelate the 
biochemistry of glucose and galactose. Should such a_ representation 
(Scheme 1, based in large part on the article by Kalckar (1)), prove to be 
a true image of the major fates of glucose and galactose in intact cells, 
then certain postulates would be valid. 

Postulate I—The first carbon of galactose should be a better precursor of 
menthol glucuronide! than the first carbon of glucose relative to their 
yields of CO.. This postulate results from the fact that galactose must 
pass through uridine diphosphoglucose, the junction point of menthol 
glucuronide synthesis, before reaching glucose 6-phosphate, the bifurcation 
point of CO, and fatty acid formation, whereas the reverse is true for glu- 
cose. 

Postulate 1[—The first carbon of galactose should be a better precursor 
of glycogen than the first carbon of glucose relative to their yields of COsz. 
This postulate results from the fact that galactose gives rise to glucose 1- 
phosphate, the junction point for glycogen synthesis, before its conversion 
into glucose 6-phosphate, whereas the reverse is true for glucose. 

Postulate I11I—The first carbon of galactose should be as good a pre- 
cursor of fatty acid as the first carbon of glucose relative to their yields 
of CO.. This postulate is a result of glucose 6-phosphate being a bifurca- 
tion point for both galactose and glucose before their contribution to CO, 
and fatty acid. 

It is to be noted that the situation might well be present wherein the 
first carbons of galactose and glucose (contrary to Postulates I and II) are 
equally effective in contributing to menthol glucuronide and glycogen, 
relative to their incorporation into COs, and the representation of Scheme 
1 would nevertheless be correct. Such a situation would result if the re- 
versible enzymatic conversions of phosphorylated glucose and galactose 
intermediates are sufficiently rapid to equate glucose and galactose carbons 
functionally. Attention is also called to the fact that implicit in Scheme 1 


' According to current nomenclature, the approved name of this compound is 
menthyl glucosiduronic acid. 
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is the assumption that all intermediates exist in the form of homogeneous ’ | 
pools. 

The postulates mentioned above have been tested for rat liver slices by | 
measurement of the incorporation of radioactivity into COs, fatty acids, © | 
glycogen, and menthol glucuronide by use of galactose-1-C™ and glucose-l- | 
C' as substrates. 


> Fatty acid and CO, 


ScHEME 1. Interrelation of galactose and glucose metabolism. Gal = galactose, 
Gal-1-P = galactose 1-phosphate, UDPGal = uridine diphosphogalactose, UDPG = _ 
uridine diphosphoglucose, G-1-P = glucose 1-phosphate, G-6-P = glucose 6-phos- 
phate, Glu = glucose, ATP = adenosine triphosphate, UTP = uridine triphosphate, 
POP = phosphogluconate oxidation pathway, EM-TCA = Embden-Meyerhof path- 
way and tricarboxylic acid cycle. 


Gal = Gal-1-P 
| 
UDPG 
UDP Gal | 
i 
Menthol | 
glucuronide 
UTP | 
G-1-P Glycogen ‘ 
(POP) 
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EXPERIMENTAL 


Treatment of Animals—The animals used in this study were adult male 
rats of the Sprague-Dawley strain maintained on Purina chow or main- 
tained on ground Purina chow to which had been added 40 per cent galac- 
tose (2). The weight of the rats at initiation of the galactose feeding was 
about 150 gm. When killed, these animals weighed approximately 225 gm. 
and showed extensive binocular cataract formation. 

The procedure for preparation of liver slices and details of the incuba- 
tion technique have been previously presented (3). The incubation me- 
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dium consisted of the potassium-rich buffer found to be most favorable for 
glycogen synthesis by Hastings et al. (4). It contained in addition 0.02 
per cent menthol (5) and 25 uwmoles each of glucose and galactose per 5 ml. 
of buffer. p-Glucose-1-C™ and p-galactose-1-C'* were obtained from the 
National Bureau of Standards. 

The incubation was terminated by acidification of the buffer with sul- 
furic acid. Glycogen was isolated from the liver slices, after addition of 
20 mg. of carrier glycogen, by the method of Stetten and Boxer (6) and 
assayed for C™ after conversion to BaCQO;. From 30 to 58 mg. of glycogen 
were thus obtained per gm. of slices. Fatty acids isolated from the com- 
bined supernatant fluid and washings of the glycogen precipitation (7) 
were assayed for C" in a scintillation counter by use of toluene containing 
0.457 per cent 2,5-diphenyloxazole as the phosphor. 

Menthol glucuronide was isolated from the acidified buffer, after the 
addition of 150 mg. of carrier, by exhaustive extraction with ethyl ether 
and recrystallization from water to constant specific activity. Approxi- 
mately 60 mg. of menthol glucuronide were obtained from each experiment. 
The menthol glucuronide was assayed for C by scintillation counting by 
use of a solution containing 1:19:80 water-ethyl alcohol-0.457 per cent 
2,5-diphenyloxazole in toluene. 


RESULTS AND DISCUSSION 


The recoveries of C' in CO., glycogen, fatty acids, and menthol glu- 
curonide after incubation of glucose-1-C“ and galactose-1-C™ with rat 
liver slices obtained from rats on a normal and on a 40 per cent galactose 
diet are recorded in Table I. No significant difference is discernible in 
the C'4 recoveries connected with the dietary status of the animals. 

In Table II are presented the calculated ratios of radiochemical yields 
of C" in glycogen, fatty acids, and menthol glucuronide to the yield ob- 
tained in CO, for each incubation. Here it will be noted that, relative to 
their formation of COs, the first carbon of galactose is a better precursor of 
menthol glucuronide (Column h, Table II) and of glycogen (Column f) than 
is the first carbon of glucose (Columns d and b). And indeed, as would 
be expected from these observations, the yield of menthol glucuronide-C"™ 
relative to that of C“O, from galactose-1-C'™ as compared to that from 
glucose-1-C' is greater than the like ratios calculated for glycogen syn- 
thesis (compare Column j with Column 2). 

The formation of fatty acid with respect to that of CO. proceeds about 
equally from both galactose-1-C'™ (Column g) and glucose-1-C'* (Column 
c), in accordance with the requirements of Scheme 1. 

Thus complete agreement has been obtained between the dictates of 
Scheme 1 and the experimental observations herein recorded. It should 
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be pointed out that, whereas the present approach would be expected to 
reveal major discrepancies in Scheme 1, alterations which do not affect 


TABLE I 
Incorporation of Isotope into COs, Glycogen, Fatty Acids, and Menthol Glucuronide 
Liver slices were incubated with 5.0 ml. of buffer containing 0.02 per cent of men- 
thol and 25 wmoles each of glucose and galactose. Radiochemical yields were caleu- 
lated per gm. of tissue for the 2 hour incubation period at 37°. Each flask con- 
tained 1000 + 5 mg. of tissue and 1 we. of substrate C™. 


| 


Radiochemical yield from 
Rat No.* Glucose-1-C™, per cent Galactose-1-C™, per cent 

Menthol Menthol 

CO2 Glycogen | Fatty acid glucu- CO2 Glycogen | Fatty acid, glucu- 

ronide ronide 

NI 10.0 23.7 0.054 0.29 2.2 28.3 0.014 0.50 
N2 5.5 a 0.772 0.38 3.7 12.7 0.490 0.85 
N3 5.5 12.8 0.178 0.29 3.6 16.0 0.127 0.61 
G4 9.0 10.0 0.116 0.24 3.8 17.3 0.032 0.57 
G5 6.7 13.8 0.189 0.24 3.4 14.1 0.073 0.35 
G6 5.8 8.2 0.110 0.19 3.2 11.0 0.058 0.29 


* Rats Nl to N3 were fed, ad libitum, Purina Laboratory chow; Rat G4, for 4 
weeks, and Rats G5 and G6, for 6 weeks, were fed ground Purina Laboratory chow 
which contained 40 per cent galactose. 


TABLE II 
Ratios of Radiochemical Yields 


The radiochemical yields recorded in Table I for each experiment have been di- 
vided by the radiochemical yield as CO, for that same experiment. 


Glucose-1-C™ incubations Galactose-1-C™ incubations | 

-- (f) (h) 
Rat No. 

Menthol b (d 
|Glycogen Fatty acid elucu- CO2z — Fatty acid 
(a) (b) (c) (d) (e) (f) (g) (h) (i) 
Nl 1.0 2.4 0.0054 0.029 | 1.0 13.0 | 0.0064 0.23 5.4 7.9 
N2 1.0 1.3 0.14 0.069 1.0 3.4 | 0.13 0.23 2.6 3.3 
N3 1.0; 2.3 | 0.082 | 0.053 1.0) 4.4 | 0.085 0.17 1.9 3.2 
G4 1.0 1.1 0.013 0.027 1.0) 4.6 | 0.0084 0.15 4.2 5.6 
G5 1.0 2.1 0.028 0.036 1.0 4.1 | 0.021 0.10 2.0 2.8 
Gi6 1.0 1.4 0.019 0.033 > 1.0 3.4 | 0.018 0.091 2.4 2.8 


the order of labeling of uridine diphosphoglucose, glucose 1-phosphate, 
and glucose 6-phosphate, or minor reaction pathways, would in all likeli- 


hood not be detected. 
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The data afford in addition information as to whether a functional sep- 
aration exists between the uridine diphosphoglucose involved in the con- 
version of galactose 1-phosphate to glucose 1-phosphate and the uridine 
diphosphoglucose which contributes to glucuronide synthesis. Such a 
separation of uridine diphosphoglucose pools would require modification 
of Scheme 1 so that glucose 1-phosphate would become a bifurcation point 
for the formation of menthol glucuronide and glycogen and the ratios 
calculated in Columns 7 and j of Table II would be expected to be identical, 
which, as has been noted, was not the case. 


SUMMARY 


Liver slices obtained from rats fed a normal diet and a diet containing 
40 per cent galactose were incubated with galactose-1-C"™ and glucose-1-C™. 
CO., glycogen, fatty acid, and menthol glucuronide were studied for their 
contents. 

The distribution of C' in the products studied revealed no differences 
connected with the dietary status of the animals. It was further shown 
that C™ was distributed in accordance with expectations based on known 
enzymatic reaction sequences interrelating glucose and galactose metabo- 
lisms. 
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THE DECARBOXYLATION OF AMINO ACIDS, PROTEINS, 
AND PEPTIDES BY N-BROMOSUCCINIMIDE 


By EMMETT W. CHAPPELLE ano J. MURRAY LUCK 
(From the Department of Chemistry, Stanford University, Stanford, California) 


(Received for publication, February 18, 1957) 


One of the most widely used methods for the determination of amino 
acids is the ninhydrin technique perfected by Van Slyke and his cowork- 
ers (1). This permits the measurement of amino acid concentration either 
colorimetrically or by the volume of carbon dioxide released during the 
reaction. The measurement of carbon dioxide by the Van Slyke mano- 
metric apparatus is capable of great precision but is not amenable to the 
simultaneous analysis of many samples. The colorimetric assay, although 
not as accurate, makes simultaneous determinations feasible. One dis- 
advantage of both techniques is that they require heating to 100°. The 
colorimetric procedure suffers from the added disadvantage of sensitivity 
to atmospheric ammonia. Another method for the decarboxylation of 
amino acids was recently described (2). This involved heating the amino 
acids to approximately 150° in the presence of aromatic aldehydes as 
catalysts. The yield of the reaction varied from 25 to 70 per cent of 
theory. 

In the present paper, we describe a decarboxylation method, based upon 
work by Barakat et al. (3-6), which lends itself to the determination of 
amino acids and offers considerable promise in the determination of end 
group carboxyls in peptides and proteins. The decarboxylating agent 
is N-bromosuccinimide. This compound has had extensive use as a re- 
agent for the bromination of unsaturated compounds and, with suitable 
catalysts, for other compounds as well (7). These bromination reactions 
are carried out in organic solvents, usually carbon tetrachloride. Aside 
from the observation that N-bromosuccinimide is hydrolyzed to hypo- 
bromous acid and succinimide in the presence of water, no serious investi- 
gation of the properties of N-bromosuccinimide in an aqueous medium 
had been undertaken until the work of Barakat. He observed that certain 
a-substituted carboxylic acids were decarboxylated with a concomitant 
evolution of bromine when allowed to react with an aqueous N-bromosuc- 
cinimide solution. Among the various a-substituted carboxylic acids 
which were susceptible to this reagent was alanine. It is pertinent to 
note that the reaction went to completion at room temperature. 
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Apparatus and Reagents 


The Barcroft-Warburg apparatus was used with constant volume ma- 
nometers. Distilled water containing a trace of detergent was used as 
manometer fluid. 

N-Bromosuccinimide and succinimide were purchased from the Distilla- 
tion Products Industries of the Eastman Kodak Company, and were found 
to be of sufficient purity to be used without recrystallization. _Duponol-Me 
1 (dry) was obtained from E. I. du Pont de Nemours and Company. Du- 
ponol consists primarily of sodium lauryl sulfate along with small quan- 
tities of other long chain alcohols. Palladium chloride was purchased from 
the Fisher Scientific Company. The amino acids used were obtained from 
the California Foundation for Biochemical Research. Glycylserine and 
glutathione were also obtained from this company. The peptides, L-ar- 
ginyl-L-glutamic acid, L-leucylglycylglycine, glycyl-L-asparagine, glycylgly- 
cylhydroxyproline, carnosine, and glycylglycyl-@-alanine, were generously 
contributed by Professor Emil Smith. Histidylhistidine, glycylphenylal- 
anine, and glycylaspartic acid were purchased from the Nutritional Bio- 
chemicals Corporation. Lysozyme, papain, trypsin, and chymotrypsino- 
gen were purchased from the Worthington Biochemical Corporation. The 
sample of mercuripapain was donated by Professor Emil Smith. Zine 
insulin was contributed by Eli Lilly and Company, while chymotryp- 
sinogen, trypsinogen, trypsin, a-chymotrypsin, and 6-chymotrypsin were 
kindly provided by Professor Hans Neurath. $-Lactoglobulin and a- 
lactalbumin were generously contributed by Dr. William G. Gordon of 
the Eastern Regional Research Laboratory. 


Methods 


In aqueous solutions containing only N-bromosuccinimide and an amino 
acid, there is an evolution of both carbon dioxide and bromine. The 
production of carbon dioxide is stoichiometric, being directly proportional 
to the amino acid concentration, while the bromine liberated results from 
both the decarboxylation reaction and the hydrolysis of N-bromosuccini- 
mide by water. It has been found, however, that the evolution of bromine 
may be reduced to negligible amounts by carrying out the reaction in 1 M 
sodium acetate-acetic acid buffer at pH 4.7 in the presence of succinimide. 
It is believed that the effect of succinimide is to decrease the hydrolysis 
of N-bromosuccinimide. To insure the complete absence of bromine 
within the reaction vessel, 40 per cent potassium iodide is added to a side 
arm as a trapping agent. 

The N-bromosuccinimide reagent used in the decarboxylation of amino 
acids and peptides is prepared by adding 2.5 gm. each of N-bromosuccini- 
mide and succinimide to 25 ml. of 1 mM sodium acetate-acetic acid buffer 
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at pH 4.7. Because of its very low solubility, most of the N-bromosuc- 
cinimide remains in suspension. The use of a suspension of N-bromosuc- 
cinimide rather than a dilute solution is necessary to maintain a sufficient 
concentration of the reagent throughout the reaction period. It should 
be mentioned, however, that with amino acids which react rapidly it is 
possible to obtain quantitative results with a freshly prepared dilute solu- 
tion. 

The reaction of N-bromosuccinimide with amino acids does not proceed 
at pH values less than 3. The choice of pH 4.7 is dictated by the fact 
that carbon dioxide is retained by the reaction medium above pH 5. Above 
pH 8 there is decomposition of N-bromosuccinimide into bromine and 
succinimide. The rate of the reaction increases with an increase of the 
temperature, but the rate of hydrolysis of N-bromosuccinimide increases 
also. It was found that 30° was the optimal temperature. 

The reaction of peptides with N-bromosuccinimide is much slower than 
that of amino acids. It is possible to increase the rate of the reaction by 
the addition of palladium chloride. The rate of reaction is maximal when 
palladium chloride is present in the molar ratio of 5:1 with respect to the 
substrate. 

The decarboxylation of amino acids and peptides is carried out in the 
following manner. The N-bromosuccinimide suspension (0.5 ml.) is pi- 
petted into one side arm of the reaction vessel and 0.5 ml. ot the 40 per 
cent potassium iodide solution into the other. The amino acid or peptide, 
in solution, is added to the main compartment. In the peptide reaction, 
0.1 ml. of PdCl. of a suitable concentration is added to the main compart- 
ment. The total volume of solution in the main compartment is brought 
to 3 ml. with 10 per cent succinimide in 1 mM sodium acetate-acetic acid 
buffer at pH 4.7. After a 20 minute equilibration period, the reaction is 
initiated by tipping the N-bromosuccinimide into the main compartment. 
Controls without substrate are run at the same time. The amino acid 
reaction reaches completion in 30 minutes, while the peptides require from 
30 minutes to 3 hours. 

By the use of a differential technique with saturated barium hydroxide 
as a carbon dioxide trapping agent, it has been verified that carbon dioxide 
is the only gas evolved. 

The precision of a method which utilizes the Warburg apparatus is 
dependent upon the accuracy with which the reaction vessels are calibrated. 
The flask constants obtained by the usual mercury calibration technique 
are, among other things, a function of the solubility in the reaction medium 
of the gas being determined. Because of the inherent difficulties in the 
accurate determination of carbon dioxide solubility, a different method of 
calibration was devised. With alanine as the standard amino acid, each 
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vessel was calibrated by determining the volume of gas which results from 
the decarboxylation of 5 uwmoles of alanine. 

Proteins—Proteins, when treated under the above conditions, are readily 
precipitated. This can be prevented by the use of the cationic detergent 
Duponol (sodium lauryl sulfate), which was found to be most effective 
when added to the proteins before their treatment with N-bromosuccini- 
mide. 

The N-bromosuccinimide reagent is also modified by the inclusion of 
Duponol. It is prepared by adding 2.5 gm. of N-bromosuccinimide, 2.5 
gm. of succinimide, and 2.5 gm. of Duponol to 25 ml. of 1 M sodium acetate- 
acetic acid buffer. 

The state of the protein when added to the reaction vessel depends to a 
large degree upon the quantity necessary for an accurately measurable 
evolution of carbon dioxide. In the case of high molecular weight pro- 
teins, it may be found most feasible to weigh the protein directly into the 
main compartment of the reaction vessel where it may either dissolve or 
remain suspended. 

The reaction mixture for the decarboxylation of proteins consists of 
the protein in the main compartment to which 10 per cent Duponol-10 
per cent succinimide in 1 M sodium acetate-acetic acid buffer is added to 
bring the volume to 3 ml. One side arm contains 0.5 ml. of the N-bromo- 
succinimide reagent, and the other contains 0.5 ml. of 40 per cent potassium 
iodide. Most of the proteins we have studied react more slowly than 
amino acids and peptides. At 30° the decarboxylation reaction requires 
30 minutes to 6 hours to reach completion. 


Results 


Amino Acids—The following amino acids were investigated: alanine, 
glycine, serine, threonine, leucine, isoleucine, valine, methionine, phenyl- 
alanine, cystine, cysteine, histidine, lysine, tryptophan, arginine, tyrosine, 
glutamic acid, aspartic acid, proline, asparagine, glutamine, and £-alanine. 
5 umoles were used in each determination except with cystine and tyrosine, 
of which 1.25 wmoles were employed. Four analyses were run on each 
amino acid. 

In every case except four, 5 wmoles of CO. were evolved. The four 
exceptions were tyrosine and cystine, 1.25 wmoles of CO; aspartic acid, 
10 umoles; B-alanine, no reaction.' Aspartic acid gives rise to 2 moles 
of CO: per mole of amino acid. 

The sensitivity of the reaction is illustrated in Fig. 1. The lower limit 


1 B-Alanine evolved 5 wmoles of CO., the theoretical amount, when the reaction 
was allowed to continue for 6 hours. 
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of amino acid concentration which may be used is dictated by the accuracy 
with which one may read the Warburg manometer. It was found possible 
to measure, with a fair degree of accuracy, volumes of carbon dioxide as 
small as 5 ul. (equivalent to 0.223 umole of amino acid, except aspartic 
acid). 

An indication of the reproducibility and the spread of values obtained 
on a typical amino acid (alanine) is given by the results obtained from 
eighteen reactions, carried out simultaneously, each with 5 umoles of ala- 


MICROMOLES 


i i 


! 2 3 4 5 
MICROMOLES OF ALANINE 


Fig. 1. Sensitivity of N-bromosuccinimide reaction. The evolution of carbon 
dioxide as a function of the amount of alanine. 


nine. The mean of the values was 5.04 umoles of carbon dioxide with an 
estimated standard deviation of 0.243. 

Proteins and Peptides—The reactions of N-bromosuccinimide with pro- 
teins and peptides are described in Tables I and II, respectively. 


DISCUSSION 


The present results indicate that, with the exception of aspartic acid 
and 6-alanine, the N-bromosuccinimide reaction is specific for carboxyl 
groups adjacent to an a-substituted carbon atom. It is of interest to 
note that aspartic acid behaves in a similar fashion when treated with 
ninhydrin (1). §-Alanine is quantitatively decarboxylated, though quite 
slowly. The reaction requirement for an a-substituted carbon atom is 
further indicated by the results obtained with proteins. Although these 
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TABLE 
Evolution of COz from Proteins When Treated with N-Bromosuccinimide 
No. of terminal COOH 
Reported Found 
Insulin 3,100 5,733 (12) 2 (12) 2 
3,000 6,000 (13) 
3,100 
Chymotrypsinogen 29 , 300 25,000 (14) 0 (9) 1 
27 , 700 1 (11) 
25 , 300 
a-Lactalbumin 18,200 15,500 (15) 1 (16) 1 
17 ,300 16,500 (17) 
8-Lactoglobulin 38 , 500 35,400 (18) 2 (19) 1 
37, 200 
Papain 11,500 20,700 (7) 1 (7) 2 
11,100 
Mercuripapain 11,200 43,500 (7) 2 (7) 4 
10,800 
a-Chymotrypsin 22,100 21,600 (20) 2 (9, 10) 1 
23 , 000 
6-Chymotrypsin | 12,200 21,600 (21) 2 (9, 10) 2 
Lysozyme | 14,400 17,200 (22) 1 (23) 1 
| 15,000 14,900 (24) 
| 14, 600 
Trypsin | 20, 200 23,800 (25) 0 (26) 1 
| 24, 500 


The figures in parentheses are bibliographic references. 


TABLE II 
Evolution of COz from Peptides When Treated with N-Bromosuccinimide 


Peptide analyzed 


Micrograms peptide 


Glycyl-u-aspartic acid...................... 
L-Arginyl-L-glutamie acid 
Carnosine nitrate (8-alanyl-L-histidine) . . 


Micromoles COz we 
161.5; 161.5; 162.0 162.2 
293.0; 293.5; 293.0 292.4 
95.8; 95.2; 95.6 190.2 
220.9; 221.0; 219.8 222.3 
323.2; 324.1 321.3 
246.2; 243.8; 242.9 245.3 
241.8; 242.3; 242.5 245.4 
145.8; 146.7; 147.0 286 .3 
203.8; 204.2; 204.6 203 .3 
191.6; 189.9; 193.5 189.2 
305.4; 304.8; 305.3 307.3 
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studies were not carried out under the most precise conditions (the pro- 
teins were not corrected for moisture content), the molecular weights that 
may be deduced from the results are, in most cases, acceptable in magni- 
tude. The values are minimal since only one reactive carboxyl group per 
mole is postulated. In the case of insulin in which the existence of a two 
chain molecule has been established, the molecular weight obtained by 
this method must be multiplied by 2 to give the accepted value. Papain 
and mercuripapain evolve a quantity of carbon dioxide also indicative of 
two reactive carboxyl groups per molecule. This assumes a true molecular 
weight of approximately 21,600 (8). These two carboxyl groups could 
either arise from a single dicarboxylic amino acid such as a terminal aspar- 
tic acid, or from two monocarboxylic amino acids if the protein is composed 
of two chains. 

The studies upon chymotrypsinogen, a-chymotrypsin, and 6-chymotryp- 
sin indicate the presence of one C-terminal group in chymotrypsinogen,’ 
one C-terminal group in a-chymotrypsin, and two C-terminal groups in 
§-chymotrypsin. Gladner and Neurath (9, 10) through the use of carboxy- 
peptidase report the absence of a C-terminal group in chymotrypsinogen 
and two C-terminal groups in both a-chymotrypsin and 6-chymotrypsin. 
Recently, however, Meedom (11) has reported the existence of a C-terminal 
tyrosine residue in chymotrypsinogen from studies in which oxidation 
procedures were used. The observation of a molecular weight of 23,800 
for trypsin is of interest in view of the lack of any conclusive evidence 
regarding the presence of a C-terminal amino acid in this protein. 

The positive results obtained with proteins and peptides point out a 
major difference between the action of ninhydrin and that of N-bromo- 
succinimide. Van Slyke et al. (1) reported little or no evolution of CO: 
when proteins and peptides were treated with ninhydrin. 

It would be of little value at this time to speculate upon the reaction 
mechanism without a thorough knowledge of the reaction products. This 
phase of the study is under way. Preliminary studies of the products 
from amino acids indicate the formation of aldehydes which, in view of 
analogous reactions, is to be expected. The effect of PdCl: upon the rate 
of the reaction is not yet clearly understood. Preliminary studies of its 


? Earlier studies with chymotrypsinogen in which a much lower concentration of 
N-bromosuccinimide was used indicated the absence of terminal carboxyl groups. 
This lower concentration was adequate for all other proteins studied, although the 
rate of reaction was somewhat slower. This discrepancy in the case of chymotryp- 
sinogen might possibly be of significance in view of the disagreement with regard to 
the presence or absence of a C-terminal amino acid (9, 11). Another factor which 
may explain this discrepancy is that the earlier work carried out in this laboratory 
with chymotrypsinogen was done with a different preparation of the protein. In- 
vestigations now under way may resolve this discrepancy. 
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effect upon the rate of decarboxylation of insulin indicate that the rate 
of reaction of proteins may be increased in its presence. 

The value of this technique in the quantitative determination of amino 
acids lies primarily in its simplicity and ease. The fact that the reaction 
proceeds at moderate temperatures (30—37°) may render it especially use- 
ful in the study of enzymatic reactions in which amino acids are involved. 

The application of this reaction to the study of proteins has ramifications 
of possibly great importance. It offers a means of chemically modifying 
protein structure by a relatively mild procedure and provides a basis for 
obtaining supplementary information on the molecular weights of pro- 
teins. 


SUMMARY 


A method is described for the quantitative decarboxylation of amino 
acids, proteins, and peptides with use of N-bromosuccinimide as a decar- 
boxylating agent. The quantity of carbon dioxide evolved is measured 
manometrically in the Warburg apparatus. 

The optimal reaction conditions, along with the results obtained with 
several amino acids, proteins, and peptides, are described. 


We wish to express our thanks to Professor Emil Smith for the peptides 
used in this investigation, to Professor Hans Neurath and Dr. W. G. Gor- 
don for many of the proteins, and to Eli Lilly and Company for zine in- 
sulin. 

The investigation was carried out with the support of a grant-in-aid 
(No. C-2341) from the National Cancer Institute of the United States 
Public Health Service. 
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URINARY STEROID EXCRETION AFTER 
TOTAL ADRENALECTOMY 


III. ISOLATION AND IDENTIFICATION OF THE METABOLITES 
OF CORTISONE ACETATE* 


By MICHAEL E. LOMBARDO anp PERRY B. HUDSON 


(From the Departments of Biochemistry and Urology, Francis Delafield Hospital, 
and the Institute of Cancer Research, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, May 7, 1957) 


During the last decade or so, a number of adrenocortical steroids and 
their metabolites have been isolated from human urine. ‘The isolation of 
Kendall’s Compound F from the urine of a patient with Cushing’s syndrome 
was reported in 1948 by Mason and Sprague (1). The presence of both 
Kendall’s Compound E and Compound F in normal urine was later reported 
by Zaffaroni et al. (2) in 1950 and finally isolated from the urine of sub- 
jects before and after adrenocorticotropin (ACTH) administration by 
Lieberman et al. (3). The isolation of tetrahydrocortisone was reported 
by Schneider (4), Baggett et al. (5), and by Dobriner and Lieberman (6). 
The latter group also reported the isolation of the tetrahydro derivative of 
Compound F. A study on the metabolism of orally administered cortisone 
acetate to a normal man has been described by Burstein e¢ al. (7). Excel- 
lent reviews on the subject have been written by Lieberman and Teich (8) 
and by Dorfman and Ungar (9). 

In view of the widespread use of cortisone acetate in the hormonal 
management of bilaterally adrenalectomized patients, a study of the nature 
of the urinary metabolites of this substance in the totally adrenalectomized 
subject has been undertaken. This study demonstrates the conversion 
in vivo of cortisone acetate to 3a-hydroxyetiocholane-11 ,17-dione, 3a, 116- 
dihydroxyetiocholan-17-one, 3a,17a,21-trihydroxypregnane-11 ,20-dione 
(tetrahydrocortisone), 118, 17a ,21-trihydroxy-A‘-pregnene-3 , 20-dione (cor- 
tisol), and 17a@,208,21-trihydroxy-A‘-pregnene-3 ,11-dione. This is the 
first report of the isolation of the latter compound from human urine. 


EXPERIMENTAL 


A male patient with a testicular carcinoma was utilized for this study. 
The tumor-bearing testis was removed from the patient; later, bilateral 


*This project was supported in part by a grant from the United States Public 
Health Service (grant No. CY-2419-C2) and the Adrenal Physiological Research 
Gift made possible by the MacAndres and Forbes Company and the Warner-Chilcott 
Laboratories. 
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adrenalectomy was performed. The subject received a total of 765 mg. of 
cortisone acetate over a period of 26 days. This is equivalent to 685 mg. 
of free cortisone. He also received an average of 2.5 gm. of monoammo- 
nium glycyrrhizinate per day. 

The methods for the hydrolysis with 8-glucuronidase and extraction of 
the urine have been described elsewhere (10). A preliminary fractionation 
of the extracts comprising a 48 hour urine sample was made on silica gel 
columns as described by Romanoff et al. (10). Corresponding fractions 
from silica gel comprising the 26 day period were pooled into four equal 
groups and purified by charcoal treatment to remove urinary pigments 
(11). Each group consisted of three silica gel fractions, the most polar, 
the more polar, and the less polar fractions (10). All silica gel fractions 
were then subjected to extensive chromatographic procedures in_ the 
appropriate solvent systems (10). The techniques for the detection of 
steroid substances on paper chromatograms, quantitative elution, and 
estimation in the ultraviolet region have been discussed elsewhere (10, 12, 
13). The absorption spectrum from 220 to 600 my of the eluted substance 
in concentrated sulfuric acid (14) was determined in every case. Solvent 
blanks corresponding to the exact area of that of the eluted substances 
were used without exception. Fractions which appeared identical on the 
basis of chromatographic mobilities, paper strip color reaction, and spectro- 
photometric properties in absolute methanol (ultraviolet region) and con- 
centrated sulfuric acid (ultraviolet and visible regions) were pooled and 
chromatographed several times in various solvent systems to establish 
uniformity of the pooled samples. They were finally purified by chroma- 
tography on silica gel and crystallization whenever possible. A number of 
colorimetric reactions used throughout this study include the Zimmermann 
reaction (15) for 17-ketosteroids and the blue tetrazolium (16), the for- 
maldehydogenic (17), and the Porter-Silber (18) reactions for corticoster- 
oids. Melting point determinations were made on a Fisher-Johns melting 
point apparatus and are uncorrected. All infrared analyses were made by 
the potassium bromide pressed disk technique upon a Beckman IR-2T 
single beam instrument within the region from 15.0 to 2.5 microns. 


Results 


A spot was detected in each of the four more polar groups in the chroma- 
tographic system toluene saturated with propylene glycol. They had 
identical mobilities and were similar to that of tetrahydrocortisone. These 
substances were eluted, pooled, and chromatographed several times in — 
various solvent systems on a paper strip 15 em. in width. A single spot 
was detected. It gave a positive test for an a-ketol with the blue tetrazo- 
lium reagent. It produced a yellow color indicative of a ketone with the 
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dinitrophenylhydrazine reagent. There was no ultraviolet absorption 
under the Mineralight lamp. The substance was eluted and an amount 
equivalent to 14.2 mg. of an a-ketol was estimated to be present by the 
blue tetrazolium, Porter-Silber, and formaldehydogenic determinations. 
There was no ultraviolet absorption in absolute methanol. The absorption 
spectrum in concentrated sulfuric acid from 220 to 600 my was similar to 
that of crystalline tetrahydrocortisone, with maxima at 310 and 400 to 405 
my. The infrared spectrum was identical to that of tetrahydrocortisone 
with a C-20 carbonyl band at 5.88 wu, a hydroxyl band at 3.00 yu, and fin- 
gerprint bands similar to those of tetrahydrocortisone. The recrystallized 
substance melted at 183-186° and there was no depression of the melting 
point upon admixture with tetrahydrocortisone standard, m.p. 185—187°. 
The acetate of the isolated substance, prepared in the usual manner (19), 
melted at 227-229°. There was no depression of the melting point on 
admixture with tetrahydrocortisone acetate standard, m.p. 227—230°. 

A second spot was detected in each of the four more polar groups in the 
chromatographic system toluene saturated with propylene glycol. This 
substance was more polar than cortisone, running between the latter 
compound and cortisol in the above system. It gave a negative reaction 
to the blue tetrazolium reagent, absorbed in the ultraviolet region, and 
gave an orange color with the dinitrophenylhydrazine reagent on paper. 
This steroid, found in all four groups, was eluted from the paper chromato- 
grams and pooled. It yielded formaldehyde on oxidation with periodic 
acid. The eluted compound showed a maximum in absolute methanol at 
238 mu. In view of its optical density at the latter wave length, approxi- 
mately 65 mg. were calculated to be present. 

It was chromatographed several times in the toluene-propylene glycol 
system on several sheets of washed Whatman No. 1 paper, 15 cm. in width, 
to insure homogeneity of the isolated substance. It was finally purified 
by chromatography on a silica gel column. Its chromatographic mobility 
indicated a C20; compound. This substance gave a negative reaction 
to the blue tetrazolium and Porter-Silber reagents, and therefore does not 
contain either an a-ketol or dihydroxyacetone side chain at C-17. How- 
ever, the substance yielded formaldehyde upon oxidation with periodic 
acid, which suggests a glycol side chain at C-17. The amount of this 
substance estimated from the formaldehydogenic determination (17) 
agreed extremely well with the quantitative estimation on the basis of its 
optical density at 238 my in absolute methanol. The reference standard 
employed in the formaldehydogenic determination was 17a,208,21- 
trihydroxy-A‘-pregnen-3-one. 

Upon treatment with concentrated sulfuric acid, the substance emitted 
a green fluorescence. Its absorption spectrum in concentrated sulfuric 
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acid (14) from 220 to 600 my showed a major band at 280 my with minor 
bands at 370 and 410 mug. Its infrared spectrum showed a hydroxyl] band 
at 3.00 uw, a carbonyl band at 5.86 to 5.89 yw, and an a,8-unsaturated car- 
bony] band at 6.08 and 6.144. The substance, recrystallized from acetone- 
ether, melted at 205°. There was no depression of the melting point 
upon admixture with 17a ,208 ,21-trihydroxy-A*-pregnene-3 , 11-dione, m.p. 
201-—203°. The diacetate of the isolated steroid was prepared and melted 
at 250-252°. Its infrared spectrum showed an a,6-unsaturated carbonyl 
band at 6.04 and 6.18 yw, a C-11 carbonyl band at 5.82 uw, and a hydroxyl 
band at 3.00 uw. The fingerprint bands were similar to those reported for 
208 ,21-diacetoxy-17a-hydroxy-A‘-pregnene-3 ,11-dione by Dobriner et al. 
(20). The melting points of the isolated material and its acetate (see 
above) agree well with those reported for 17a,208,21-trihydroxy-A‘- 
pregnene-3 , 11-dione and its acetate (21, 22). 

Approximately 20 mg. of this substance were oxidized with sodium 


bismuthate (23). The oxidation product was purified by chromatography — 
on silica gel by eluting with benzene, benzene-ether, ether, and ether-ethyl — 


acetate so that the polarity of the eluting solvent was gradually increased. — 


The product, collected in the benzene-ether and ether fractions, had an | 


absorption maximum in the ultraviolet region in absolute methanol at 
238 mu. Its absorption spectrum in concentrated sulfuric acid from 220 
to 600 my (14) showed only one maximum at 280 to 282 my with an ex- 
tinction coefficient identical to that of adrenosterone. The infrared spec- 
trum of this substance was similar to that of adrenosterone (A‘-andro- 
stene-3,11,17-trione). This compound, recrystallized from acetone-ether, 


melted at 220-222°. Upon admixture with authentic adrenosterone, | 


m.p. 221—223°, there was no depression of the melting point. 


A third substance was detected in each of the four more polar groups in | 


the chromatographic system toluene saturated with propylene glycol. 
The substance absorbed in the ultraviolet region under the Mineralight 
lamp and gave a positive reaction for an a-ketol with the blue tetrazolium 
reagent. The substance was eluted and chromatographed twice in the 
same system. The mobility was identical to that of cortisol. The eluted 
compound showed a maximum in absolute methanol at 241 my on the 
basis of which approximately 1 mg. was calculated to be present. The 
absorption spectrum in concentrated sulfuric acid from 220 to 600 mug 
was similar to that of cortisol with maxima at 240, 280 to 285, 390 to 395, 
and 475 my. Its infrared spectrum was identical to that of cortisol. 

A fourth substance was detected in the 8 hour chromatographic system 
of benzene saturated with formamide. Its mobility indicated that it 
was probably a C20; compound. It absorbed in the ultraviolet region 
under the Mineralight lamp. The rechromatographed substance was 
eluted and found to show a maximal absorption in the ultraviolet region 
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in absolute methanol at 242 mp. There was 0.32 mg. of this substance 
present on the basis of its optical density at 242 my. It gave a negative 
reaction to the blue tetrazolium and Porter-Silber reagents and did not 
yield formaldehyde on oxidation with periodic acid. These reactions 
established the absence of an a-ketol, dihydroxyacetone, and glycol type 
side chains, respectively. Its infrared spectrum showed a hydroxyl band 
at 3.00 uw, a carbonyl band at 5.90 uw, and an a,@-unsaturated carbonyl 
band at 6.07 and 6.29 uw. The fingerprint bands were not sufficiently 
sharp to establish absolute identification with a known steroid. 

In the less polar group, two substances were detected in the chromato- 
graphic system of cyclohexane saturated with formamide. One had the 
mobility of 3a,118-dihydroxyetiocholan-17-one and the other that of 
3a-hydroxyetiocholane-11,17-dione. Both substances gave a_ positive 
reaction to the Zimmermann reagent for 17-ketosteroids. After rechro- 
matography and elution, the amounts found to be present by quantitative 
Zimmermann determinations were 0.51 mg. of the former and 0.61 mg. of 
the latter. The absorption spectrum in concentrated sulfuric acid (14) 
of the former from 220 to 600 mu showed a maximum at 340 my and a 
shoulder at 395 to 405 my identical to that for 3a, 116-dihydroxyetiocholan- 
17-one. Its infrared spectrum was identical to that of crystalline 3a, 11- 
dihydroxyetiocholan-17-one. The second substance showed maxima 
in concentrated sulfuric acid at 315 my and at 400 to 405 muy similar to 
those for 3a-hydroxyetiocholane-11,17-dione. Its infrared spectrum was 
identical to that of crystalline 3a-hydroxyetiocholane-11 ,17-dione. 

Several trace substances were located in the more polar group. Some 
absorbed in the ultraviolet region under the Mineralight lamp and some 
gave a positive reaction to the blue tetrazolium reagent. Other trace 
substances were located in the less polar group which gave a positive reac- 
tion to the Zimmermann reagent. In every case lack of sufficient material 
precluded possible identification. The least polar fraction, which could 
contain 17-ketosteroids of testicular origin, has not yet been analyzed. 

An attempt to isolate steroid substances from the more polar fraction 
of urine collected during a control period, in which the adrenalectomized 
patient was receiving only monoammonium glycyrrhizinate, yielded nega- 
tive results. 


DISCUSSION 


The metabolism of cortisone acetate has been studied in an adrenalecto- 
mized male patient with one testis. This has provided the opportunity 
to isolate the urinary metabolites of orally administered cortisone acetate 
without contribution from the adrenal cortex. 

The major metabolite of cortisone isolated was 17a ,206 ,21-trihydroxy- 
A‘-pregnene-3,11-dione. The amount isolated, 65 mg., corresponds to 
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9.5 per cent of the orally administered cortisone. This compound, called 
Reichstein’s ‘“‘Substance U,” was isolated by Reichstein and von Euw 
(24) from beef adrenal in 1941. It was also isolated from cortisone per- 
fusates of rat liver by Caspi et al. (25) in 1953. This, however, is the 
first report of the isolation of this substance from urine. It is definitely a 
metabolite of cortisone since it was isolated during cortisone administration 
to an adrenalectomized subject. It appears that one of the pathways 
in the metabolism of cortisone is reduction of the C-20 carbonyl to a C-20 
hydroxyl. The site of this reaction is probably the liver, as indicated by 
the perfusion studies of Caspi et al. (25). It is interesting that this steroid 
has been isolated for the first time from urine, although several studies 
have been conducted on the metabolism of cortisone. In this connection, 
it must be kept in mind that this patient was receiving monoammonium 
glycyrrhizinate daily. The possible influence of this substance in altering 
the metabolic pathways of cortisone is yet unknown. 

The second major metabolite of cortisone isolated was tetrahydro- 
cortisone or 3a,17a,21-trihydroxypregnane-11,20-dione. The amount 
isolated, 14.2 mg., corresponds to 2.07 per cent of the orally administered 
cortisone. This substance has been isolated from normal human urine 
by Schneider (4) and by Baggett et al. (5), after ACTH administration 
by Lieberman e¢ al. (3), and after administration of cortisone acetate to a 
normal male by Burstein et al. (7). It appears then that one of the major 
pathways in the metabolism of cortisone is complete reduction of ring A. 

Baggett et al. (5) have also reported quantitative data on the daily 
urinary excretion of tetrahydrocortisone in normal human urine. In 
addition, they report quantitative data on the urinary excretion of tetra- 
hydrocortisone after the administration of cortisone acetate to a normal 
male. Their recoveries of tetrahydrocortisone after cortisone acetate 
administration are higher than those reported here. However, it is im- 
portant to note that their studies were on a normal male while this experi- 
ment was on an adrenalectomized male who received monoammonium 
glycyrrhizinate in addition to cortisone acetate. 

The quantitative aspects of the recovery of urinary steroid metabolites 
by the methods used in this study should be mentioned. With the various 
manipulations employed, including column and paper chromatographic 
procedures, we have found the recovery of urinary steroids to be within 
80 to 85 per cent. 

Only 1 mg. of cortisol was isolated and this represents a 0.15 per cent 
conversion of cortisone to cortisol. The isolation of this substance from 
human urine has been well documented (1-3, 7). It is important to note 
here, however, that the C-11 ketone of cortisone can be reduced to the C-11 
hydroxy] forming cortisol in the absence of the adrenal. Previous studies 
by Romanoff et al. (26) and by Lombardo et al. (13, 27) have conclusively 
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shown that cortisol is the major corticosteroid produced by the human 
adrenal. Our finding that cortisone is converted to cortisol in the ad- 
renalectomized patient suggests a possible explanation for the adequacy 
of cortisone in the maintenance of the adrenalectomized patient. 

Lieberman et al. (3) isolated cortisone from human urine after ACTH 
and cortisone acetate administration. It has also been isolated by Burstein 
et al. (7) after cortisone acetate administration to a normal male. In 
contradistinction to these findings, we were unable to detect any cortisone 
in the urine of this adrenalectomized patient during cortisone acetate 
administration. The possible significance of these findings is not yet clear. 

Two other substances which were isolated in this study were 3a,118- 
dihydroxyetiocholan-17-one, 0.51 mg., and 3a-hydroxyetiocholane-11 , 17- 
dione, 0.61 mg. These substances have been isolated from urine of normal 
(7) and diseased patients (3). They have also been isolated by Gemzell 
et al. (28) from the urine of adrenalectomized males maintained on cortisone 
acetate. It appears, then, that one of the metabolic pathways of cortisone 
acetate lies in the reduction of ring A and oxidative removal of the side 
chain at C-17 with subsequent formation of 17-ketosteroids. 

A sixth substance (0.32 mg.) was isolated but could not be conclusively 
identified. Its chromatographic mobility indicated that it was a CaO; 
compound. It possessed an a,8-unsaturated carbonyl group as indicated 
by ultraviolet absorption at 242 my and infrared analysis. It also had a 
carbonyl group and a hydroxyl group. An a-ketol, dihydroxyacetone, 
or glycol type side chain at C-17 was absent. The functional group 
characteristics were similar to those for 17a-hydroxyprogesterone. How- 
ever, insufficient material precluded conclusive identification. 

Several trace substances were located on the paper chromatograms. 
They gave characteristic color reactions on paper chromatograms for 
corticosteroids and 17-ketosteroids, but the trace amounts found did not 
permit even preliminary identification procedures. The least polar frac- 
tions from the preliminary silica gel chromatography, which could con- 
tain 17-ketosteroids of testicular origin, are now being investigated. 


SUMMARY 


1. The metabolism of cortisone acetate has been studied in an ad- 
renalectomized male patient with one testis. 

2. The major metabolite of cortisone isolated was 17a,208,21-tri- 
hydroxy-A‘-pregnene-3,11-dione (9.5 per cent). This is the first report 
of the isolation of this substance from urine. 

4. Other metabolites of cortisone isolated were tetrahydrocortisone 
(2.07 per cent), cortisol (0.15 per cent), 3a, 118-dihydroxyetiocholan-17-one 
(0.07 per cent), and 3a-hydroxyetiocholane-11,17-dione (0.09 per cent). 
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4. A sixth metabolite was isolated and partially characterized. Several 


steroids in trace amounts were detected but could not be identified. 


5. The significance of these findings is discussed. 


We wish to thank Dr. Karl Pfister of Merck Sharp and Dohme Re- 


search Laboratories for a reference sample of 17a,208,21-trihydroxy- 
A‘-pregnene-3 , 1 1-dione. 
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HEMOGLOBIN CATABOLISM 


I. GLUTATHIONE PEROXIDASE, AN ERYTHROCYTE ENZYME WHICH 
PROTECTS HEMOGLOBIN FROM OXIDATIVE BREAKDOWN* 


By GORDON C. MILLS 


(From the Department of Biochemistry and Nutrition, The University of Tezas 
Medical Branch, Galveston, Tezas) 


(Received for publication, May 6, 1957) 


Although the exact mechanism of the conversion of hemoglobin into 
biliverdin in vivo is still in doubt, the most plausible route is through the 
oxidation and opening of the tetrapyrrole ring, after which the globin and 
iron are removed. This reaction scheme is based on the extensive chemical 
studies of Lemberg and Legge (1) and on the more recent work of Kaziro 
et al. (2-4). In these studies, the oxidation of the tetrapyrrole ring was 
brought about under physiological conditions of pH and temperature by a 
coupled oxidation with ascorbic acid. Presumably, ascorbic acid reacts 
with the oxygen of oxyhemoglobin to produce a constant supply of hydro- 
gen peroxide. This, in turn, oxidizes either the iron or the tetrapyrrole 
ring of hemoglobin. Two distinct intermediates are produced in this 
chemical breakdown of hemoglobin. Choleglobin, which is formed first, 
has a distinctive absorption band at 627 to 630 my after treatment with 
carbon monoxide and sodium hydrosulfite. As the reaction proceeds 
further, the appearance of an absorption band at 760 my is indicative of 
the presence of verdohemoglobin. Treatment with glacial acetic acid 
and ether will quantitatively convert verdohemoglobin into biliverdin. 

One of the problems of hemoglobin catabolism has been the explanation 
of the remarkable stability of hemoglobin in the intact cell to materials 
which would ordinarily destroy it. Ascorbic acid is a normal constituent 
of the red blood cell, and hydrogen peroxide presumably is generated con- 
stantly in small amounts within the cell. Even oxygen brings about a 
rather rapid autoxidation of hemoglobin in solutions of crystalline oxy- 
hemoglobin (5). Foulkes and Lemberg (6) and Kaziro and coworkers (2) 
have previously shown the importance of catalase in protecting hemoglobin 
from oxidative breakdown produced by ascorbic acid. In addition, 
Foulkes and Lemberg (6) have shown that catalase will give some protec- 


* This work was supported in part by a research grant from the National Heart 
Institute of the National Institutes of Health, Public Health Service. A prelimi- 
nary report of a portion of this material was presented at the Southwide Chemical 
Conference of the American Chemical Society, Memphis, Tennessee, December 
(1956). 
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tion against hydrogen peroxide generated by a p-amino acid oxidase-methio- | 


nine system. Keilin and Hartree found that catalase in the erythrocyte 


does not prevent oxidation of hemoglobin to methemoglobin in the presence 


of hydrogen peroxide generated by the action of glucose oxidase on glucose | 
but that the hemoglobin is protected from more extensive breakdown (7). © 


In addition, there is also a stroma factor which partially protects hemo- 
globin from oxidative breakdown (6). 

A brief report of the effect of glutathione’ on choleglobin formation in 
erythrocyte hemolysates at a pH of 8.5 to 9.0 has been presented previously 
(8). The present study, which was carried out at a pH of 7.3, shows that 
GSH and some protein factor in the erythrocyte are very effective in pro- 
tecting hemoglobin from the breakdown brought about by ascorbic acid. 
Evidence is presented which indicates that the ability of this protein factor 
to protect hemoglobin may be attributed to its activity as a glutathione 
peroxidase. Lemberg has suggested that erythrocyte GSH _ enhances 
choleglobin formation (6) (which it does in the absence of erythrocyte 
enzymes). The present work, however, shows that erythrocyte GSH has 
a role in hemoglobin catabolism entirely different from that previously 
assigned to it. 


Methods 


In experiments in which choleglobin formation was studied, the samples 


were incubated at 37° without shaking, in a Krebs-Ringer phosphate buffer, 


pH 7.3. The isotonic solutions of sodium azide, GSH, and ascorbic acid 
were prepared just before use. All the samples were made to the same 
final volume before incubation by adding the required amount of 0.15 ™ 
NaCl. All spectrophotometric measurements were made with a model DU 
Beckman spectrophotometer. Choleglobin was quantitatively determined 
in essentially the same manner as that described by previous workers (3), 
GSH determinations were made by the alloxan “305” procedure of Patter- 
son and Lazarow (9), and the sum of GSH and GSSG was determined by 
the alloxan ‘‘305” procedure after electrolytic reduction of GSSG to GSH 
(10, 11). Catalase activity was determined by Feinstein’s method (12). 

Crystalline rat oxyhemoglobin was prepared and recrystallized by a 
slight modification of the method of Heidelberger (13). Products re- 
crystallized more than once were used on several occasions, but no differ- 
ences in results were noted. Prior to use, the crystalline product was 
dissolved in phosphate buffer at a pH of 9.0 to 9.5, and the pH was then 
adjusted to 7.3. 


Erythrocyte enzyme preparations were made from rat or cow blood by — 


1 GSH and GSSG denote reduced and oxidized glutathione, respectively. 
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the acetone precipitation procedure of Adams and Smith (14). The ace- 
tone precipitate was dissolved in water and centrifuged to remove insoluble 
material, and the supernatant solution was lyophilized. The dry product 
appeared to be stable indefinitely when stored in the cold. Solutions of 
this lyophilized material in 0.15 mM NaCl were active for at least a month 
when stored at 4°. 


RESULTS AND DISCUSSION 


Effect of Glutathione and Azide on Choleglobin Formation—In order to 
study the effects of various chemicals upon the rate of choleglobin forma- 
tion, it was necessary to choose experimental conditions which would lead 


a 

15 A B 15+ AA+N, 7 
re AA AA+GSH 
WwW + 

5+ . AA 5+ 
AA+GSH AA+N3+GSH 

- Control i i i i 

a2 90 180 90 18 O 90 180 


INCUBATION TIME IN MINUTES 

Fic. 1. The effect of azide and GSH on the coupled oxidation of hemoglobin and 
ascorbie acid. In Fig. 1, A and B, the hemoglobin solution was an erythrocyte he- 
molysate, and in C a solution of crystalline hemoglobin was used. In addition to 
the hemoglobin solution in the Krebs-Ringer phosphate buffer, the samples contained 
reagents listed adjacent to each curve. The final concentrations of reagents in Fig. 
1, A were ascorbic acid (AA) and GSH, 8.0 X 10-4 mM; hemoglobin, 0.10 gm. per cent. 
In Fig. 1, B and C, the concentrations were ascorbic acid and GSH, 4.0 K 10-4 M; 
NaN;, 0.010 m; and hemoglobin, 0.10 gm. per cent. 


to submaximal choleglobin formation. The effects of azide and GSH on 
the coupled oxidation of hemoglobin and ascorbic acid under these condi- 
tions are shown in Fig. 1. The marked effect of the azide in increasing the 
formation of choleglobin in hemolysates during the early stages of the 
incubation period is shown in Fig. 1, B. This is probably due to inhibition 
by azide of the protective effect of catalase, since the catalase which is 
present in hemolysates would tend to inhibit choleglobin formation. Azide 
also leads ultimately to an increased choleglobin formation in solutions of 
crystalline hemoglobin (Fig. 1, C). 

The differences in choleglobin formation in erythrocyte hemolysates 
and solutions of crystalline hemoglobin in the presence of GSH are of 
greater significance. GSH in solutions of crystalline hemoglobin (Fig. 1, 


C’) has no significant effect on choleglobin formation, whereas in hemoly- 
sates (Fig. 1, A and B) GSH completely prevents the choleglobin forma- 
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tion. This inhibiting effect of GSH is not due to the presence of catalase 
in hemolysates, since GSH inhibits the formation of choleglobin in the 
presence of azide, a catalase inhibitor. Thus, some factor in the erythro- 
cyte is acting in conjunction with GSH to prevent the oxidative breakdown 
of hemoglobin. 

Protein Nature of Erythrocyte Factor—A non-hemoglobin protein fraction 


was prepared from erythrocytes and used in this series of studies. The | 
effect of this erythrocyte enzyme preparation on the coupled oxidation of — 


ascorbic acid and hemoglobin in the presence of azide and GSH is shown 


in Fig. 2, Curve A. It will be noted that, as the amount of added protein — 
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mg. OF ENZYME PREPARATION PER ml. 

Fic. 2. The effect of the amount of erythrocyte enzyme preparation on choleglobin 
formation. In this experiment all samples contained ascorbic acid (8.0 K 10~‘ m), 
GSH (8.0 X 10-* Mm), NaN; (0.010 M), and crystalline hemoglobin (0.10 gm. per cent) 
in addition to varying amounts of enzyme in 0.15 M NaCl. The incubation period in 
each case was 90 minutes. The enzyme in the samples for Curve B had been heated 
for 5 minutes in a boiling water bath before use. 


was increased, there was a corresponding increase in the inhibition of chole- 
globin formation until the oxidative opening of the hemoglobin ring be- 
came negligible. Fig. 2, Curve B, shows that the active factor was 


inactivated by heat. 24 hours of dialysis of the erythrocyte enzyme prep- | 


aration against 0.15 m NaCl had no appreciable effect upon its ability to 


inhibit choleglobin formation. Altogether, this evidence indicates that — 


the erythrocyte factor is a protein and presumably an enzyme. 
Nature of Inhibition—Subsequent experiments were directed toward 
determining the nature of the inhibition brought about by the erythrocyte 


enzyme-GSH system. The possibility that this system was protecting the — 
hemoglobin from oxidation by converting the choleglobin back to hemo- — 


globin was first considered. This was disproved by determining the effect 


of GSH and the erythrocyte enzyme preparation on a choleglobin solution | 
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which had been dialyzed to remove ascorbic and dehydroascorbic acids. 
Samples containing GSH, enzyme, and dialyzed choleglobin solution were 
incubated at 37° in the usual manner. Aliquots were removed periodically 
during a 3 hour incubation period and treated with carbon monoxide, so- 
dium hydrosulfite, and sodium hydroxide. Optical density readings at 
570 mu for the carboxyhemochrome band and at 627 my for the carboxy- 
cholehemochrome band showed that there was no conversion of choleglo- 
bin to hemoglobin. 

This suggested that the inhibiting effect of the erythrocyte enzyme-GSH 
system on the choleglobin formation might be due to a destruction of the 
oxidizing agent before it could act on the tetrapyrrole ring of hemoglobin. 
Since, in the coupled oxidation of hemoglobin, ascorbic acid presumably 
acts by forming hydrogen peroxide, a series of studies on hemoglobin 
breakdown was carried out with the use of hydrogen peroxide instead of 
ascorbic acid. In this case the absorption bands above 600 my were not 
nearly as well defined as they were when ascorbic acid was used. This 
undoubtedly indicates that a mixture of hemoglobin oxidation products 
was present. In Table I, the extent of oxidative breakdown in the various 
samples is indicated by the increase in optical density at 627 my. The 
data show that the erythrocyte enzyme-GSH system was also effective in 
inhibiting the oxidation of hemoglobin by hydrogen peroxide. This is 
evident when the optical density readings at 627 my of Samples la and 1b, 
which contained GSH and enzyme, are compared with the optical density 
readings of Sample 1c, which contained GSH but noenzyme. The reaction 
between hydrogen peroxide and hemoglobin was nearly complete in 10 
minutes in contrast to the slow steady formation of choleglobin brought 
about by a corresponding amount of ascorbic acid. This explains why 
the inhibition of the oxidative action of hydrogen peroxide on hemoglobin 
by the erythrocyte enzyme-GSH system ranged from 25 to 50 per cent in 
contrast to the 100 per cent inhibition of choleglobin formation when as- 
corbic acid was used. When the order of addition of reagents was changed 
so that hydrogen peroxide, enzyme, and GSH were preincubated before 
the addition of hemoglobin, the oxidative breakdown of hemoglobin was 
completely prevented (Table I, Sample 2a). Samples 2d and 2e are control 
samples which show that GSH, hydrogen peroxide, and enzyme must all 
be present during the preincubation period if hydrogen peroxide is to be 
destroyed. Since, in this experiment, hydrogen peroxide had evidently 
been destroyed before the addition of the hemoglobin, it appears that the 
erythrocyte enzyme had a peroxidatic activity, with GSH serving as hy- 
drogen donor. This was confirmed in another experiment carried out 
with GSH, hydrogen peroxide, and the erythrocyte enzyme preparation 
(Table II). This experiment showed that, in the presence of the erythro- 
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cyte enzyme (Sample la), GSH was rapidly oxidized by hydrogen peroxide, 
while in the absence of the erythrocyte enzyme (Sample 1b) there was no 
oxidation of the GSH by hydrogen peroxide. Since the sum of GSH and 
GSSG in Sample la after incubation is almost equal to the initial GSH 
value, it is evident that the product of the reaction is GSSG. In these 
experiments, it was necessary to add the chelating agent, ethylenediamine- 


TABLE I 


Effect of Erythrocyte Enzyme-GSH System on Oxidative Breakdown 
of Hemoglobin by 

The final concentrations of reagents were GSH, 8.0 XK 107! mM; NaN3, 0.010 mM; hemo- 
globin, 0.10 gm. per cent; and H.O», 1.33 K 10-!m. A solution of NaCl (0.15 M) was 
added to bring the final volume in each case to 15 ml. In Samples la, Ib, and Ie, 
the reaction was initiated by addition of the HO, to the other reagents. In Sam- 
ples 2a, 2b, and 2c, the H,QO., GSH, NaN3;, and erythrocyte enzyme preparation were 
preincubated for 10 minutes before the regular incubation period. The reaction was 
then initiated by addition of this preincubated solution to the hemoglobin solution. 
Samples 2c, 2d, and 2e differed from these only in the reagents present during the 
preincubation period. In Samples 2¢ and 2d, the preincubated reagents were H.2Os., 
NaN;, and GSH, and in Sample 2e they were H:O., NaN;, and enzyme. After all 
of the reagents were added, the samples were incubated for 10 minutes at 37°, and 
aliquots were removed and examined spectrophotometrically as previously de- 


scribed. 


Optical density of sample at 627 my 
Sample No. Enzyme preparation added 
Initially After incubation 
mg. per ml 

la 0.08 0.037 0.126 
Ib 0.04 0.037 0.165 
le 0 0.037 0.210 
2a 0.08 0.066 0.068 
2b 0.04 0.066 0.088 
2c 0 0.066 0). 220 
2d 0.08 0.066 0.174 
2e 0.08 0.066 0.148 


tetraacetate, in order to keep the autoxidation of GSH at a low level. The 
above experiments indicate that the peroxidatic effect of the erythrocyte 
enzyme may be expressed by the following reaction: 


Ss > oO SS 
+ 2GSH 2H:O0 + GSSG 


Studies Comparing Catalase with Erythrocyte Enzyme—Since the erythro- 
cyte enzyme preparation had considerable catalase activity, it was neces- 
sary to prove that the GSH peroxidase activity was not due to the catalase 
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content of the preparation. Recent studies with low concentrations of 
hydrogen peroxide have shown that, under certain conditions, catalase 
may have a peroxidatic rather than a catalatic function (15). At a pH 
of 4.6 to 5.5, HN; may serve as a hydrogen donor in the peroxidatic break- 
down of hydrogen peroxide by catalase (16). That ethanol will serve as 
a very effective hydrogen donor in this reaction was shown earlier by Keilin 
and Hartree (7). In the presence of benzoate or salicylate, ascorbic acid 
and pyrogallol may also serve as hydrogen donors in the peroxidatic break- 


TaBLeE II 
Enzymatic Oxidation of GSH by H.0:2 


The initial GSH concentration in each sample was 4.00 uwmoles per ml. and the 
final GSH + GSSG concentration in Sample la was 3.94 wmoles per ml. In addition 
to the above reagents, each sample contained ethylenediaminetetraacetate (0.0020 
m), and sufficient 0.15 m NaCl to bring the volume in each case to 1.50 ml. The 
samples were incubated at 37°. The reaction was initiated in each case by the ad- 
dition of the HO, to the other reagents and was terminated 10 minutes later. The 
catalase (Nutritional Biochemicals Corporation, beef liver, lyophilized) had an ac- 
tivity of 18.7 m.eq. of perborate destroyed per mg. of protein (12). The erythrocyte 
enzyme preparation had a catalase activity of 0.71 m.eq. of perborate destroyed per 
mg. of protein. 


Sample No. | preparation NaNe 
mg. per ml. mg. per ml. _| pmole per ml. mmole per ml. pmoles per ml. 
la 0.40 0 0.67 0.020 3.18 
lb 0 0 0.67 0.020 4.02 
le 0.40 0 0 0.020 4.03 
Id 0 0 0 0.020 4.03 
2a 0 0.016 0.67 0.020 3.73 
2b 0 0.016 0 0.020 3.86 
2¢ 0 0.016 0.67 0 4.05 
2d 0) 0.016 0 0 3.94 


down of hydrogen peroxide catalyzed by catalase (17). The data in Table 
II (Sample 2a) show that in the presence of catalase, hydrogen peroxide, 
and azide there was no significant oxidation of GSH during the 10 minute 
incubation period. Under the same experimental conditions, the erythro- 
cyte enzyme preparation (with an identical catalase activity) catalyzed 
the oxidation of 20 per cent of the GSH (Sample la). Even in the absence 
of azide, catalase still did not catalyze the oxidation of GSH by hydrogen 
peroxide (Sample 2c). Under these experimental conditions, catalase did 
not bring about any oxidation of GSH by atmospheric oxygen (Sample 2d) 
even though it has been reported that catalase has some thiol oxidase activ- 
ity (18). 
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These experiments indicate that, even though the erythrocyte enzyme 
preparation has considerable catalase activity, its effect in catalyzing the 
oxidation of GSH by hydrogen peroxide is to be attributed to a distinct 
enzyme, a GSH peroxidase. 

A comparison of the effects of catalase and the erythrocyte enzyme prep- 
aration on choleglobin formation is shown in Fig. 3. These results clearly 
show that catalase does not protect hemoglobin from oxidative breakdown 
in the presence of GSH and azide or cyanide, whereas the erythrocyte 
enzyme preparation provides complete protection. The protective effect 
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Fic. 3. A comparison of the effects of catalase and the erythrocyte enzyme prep- 
aration on choleglobin formation. All of the samples contained ascorbic acid and 
crystalline hemoglobin in addition to the reagents listed adjacent to each curve. 
The final concentrations of reagents were ascorbic acid and GSH, 8.0 KX 10-*mM; NaCN, 
0.001 M; NaN3;, 0.010 mM; hemoglobin, 0.10 gm. per cent; catalase, 0.0024 mg. per ml.; 
and erythrocyte enzyme preparation (KEEP), 0.060 mg. per ml. 


of this enzyme preparation in the presence of azide or cyanide is due, there- 
fore, to the GSH peroxidase activity rather than the catalase activity. 
Furthermore, catalase in the absence of azide or cyanide is not nearly as 
effective as the peroxidase-GSH system in protecting hemoglobin from 
oxidative breakdown. 

Experiments described above suggest that the peroxidase-GSH system 
is of primary physiological importance in protecting the erythrocyte 
hemoglobin from oxidative breakdown. Since the erythrocyte has a high 
GSH concentration and adequate mechanisms for maintaining the gluta- 
thione in the reduced state (19, 20), this peroxidase-GSH system provides 
an explanation for the remarkable stability of hemoglobin in the intact 
erythrocyte. 
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SUMMARY 


Evidence has been presented to show the presence in the erythrocyte of 
a heat-labile, non-dialyzable factor which acts with glutathione to protect 
the hemoglobin from oxidative breakdown. Studies with hydrogen per- 
oxide indicate that this enzyme catalyzes the oxidation of reduced gluta- 
thione by hydrogen peroxide, and thus may be termed a glutathione per- 
oxidase. The glutathione peroxidase, which is not inhibited by cyanide 
or azide, has been found to be more effective than catalase in protecting 
the hemoglobin from the oxidative breakdown brought about by low con- 
centrations of ascorbic acid. 
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In 1911 Wakeman and Dakin reported that p-methoxy- and p-methyl- 
phenylalanine and the corresponding a-keto acids gave rise to acetoacetate 
in the perfused dog liver (2) but not to homogentisic acid in alcaptonuric 
individuals (3). They concluded that homogentisic acid was not an 
intermediate in the conversion of tyrosine to acetoacetate and claimed to 
have refuted Neubauer’s well established schema for this conversion (4). 
They failed, however, to consider the possibility that p-methoxyphenyl- 
alanine and p-methylphenylalanine would, if metabolized via Neubauer’s 
proposed pathway, give rise to monomethyl homogentisic acid and 2-hy- 
droxy-5-methylphenylacetic acid, respectively, neither of which would 
have been detected with the silver reduction test used on the aleaptonuric 
subject’s urine (3). Another possible interpretation of their results is that 
the p-substituted tyrosine derivatives might have indirectly caused the ac- 
cumulation of acetoacetate in the perfused dog liver by virtue of ammonia 
liberated by deamination or contained in ammonium salts of the a-keto 
acids used. The ketogenic action of ammonia (5) was not recognized at 
that time. 

We have repeated these experiments for several reasons: Demonstration 
of the metabolism of p-substituted analogues of tyrosine to acetoacetate 
by the Neubauer pathway would (a) add information on the specificity of 
all of the enzymes involved in the sequence, and (b) rule out the hypotheti- 
cal quinol intermediate between p-hydroxyphenylpyruvate and 2,5-di- 
hydroxyphenylpyruvate (6) and, also, benzoquinone acetic acid as an in- 
termediate in homogentisic acid oxidation (7). On the other hand, a 
demonstration that Wakeman and Dakin’s results were due to the ketogenic 
action of ammonia would remove the one remaining impediment to full 
acceptance of Neubauer’s theory, which has been amply verified and 
worked out in greater detail in recent years (6). 

* This investigation was supported in part by a research grant (No. 3193 (C3, 
(4)) from the National Institutes of Health, United States Public Health Service. 
A preliminary report of this work has appeared (1). 

t Attending Surgeon, Jewish Hospital, Cincinnati, Ohio. 
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EXPERIMENTAL 


Organic Syntheses 

p-Methoxry-t- phenylalanine—16.5 gm. of L-tyrosine ethyl ester were 
acetylated with acetyl chloride in chloroform (8) to reduce the possibility 
of racemization (9). After an unsuccessful attempt to precipitate the 
resulting acetyl-L-tyrosine ethyl ester from the chloroform with petroleum 
ether, the solution was evaporated to dryness and the glassy residue hy- 
drolyzed by being dissolved in 100 ml. of Nn NaOH (8). Upon acidification 
and cooling, the acetyl-L-tyrosine failed to crystallize even after concen- 
tration under reduced pressure. Several volumes of acetone were then 
added; this precipitated NaCl and, upon concentration under reduced 
pressure and storage at 0°, the solution yielded 8.4 mg. of light tan crystals 
of acetyl-L-tyrosine (m.p. 147—150° uncorrected). 

The entire yield was then methylated and deacetylated by the procedure 
of Behr and Clarke (9) and a yield of 7.5 gm. of the crude acid sulfate of 
p-methoxy-t-phenylalanine was obtained (m.p. 187.5—188.5° uncorrected). 
Free p-methoxy-L-phenylalanine was prepared from the acid sulfate by 
dissolving 1 gm. portions in 4 ml. of water, warming to 80°, and then 
rapidly adding 0.62 ml. of concentrated NH,OH. The mixture was 
cooled to room temperature; the crystals were washed with three 2 ml. 
portions of ice water and dried over POs. Yield, 550 mg. The melting 
points of two such lots were 240° (corrected) and 254° (corrected) as com- 
pared with 264-265° reported by Behr and Clarke (9). However, analyses 
of the lower melting lot were highly satisfactory. 


Calculated. C 61.54, H 6.67, N 7.18, CH;O 15.90 
Found. “* 61.27, ** 6.41, “ 7.18, “ 15.95 


This suggested that the low and variable melting points for both L and 
D varieties of p-methoxyphenylalanine (see below) did not indicate an 
appreciable degree of impurity, and further purification was not attempted. 

p-M ethory-p-phenylalanine—23 gm. of pt-tyrosine ethyl ester were 
chloroacetylated in chloroform (8) and 20.8 gm. of crystalline chloroacetyl- 
pL-tyrosine ethyl ester were obtained by adding petroleum ether to the 
chloroform solution (m.p. 80-83° uncorrected). The ester was saponified 
(8) and 15.7 gm. of chloroacetyl-pL-tyrosine crystallized after the acidified 
solution had been concentrated under reduced pressure and chilled at 0° 
(m.p. 157-158° uncorrected). The chloroacetyl-pL-tyrosine was then re- 
solved enzymatically by the method of Gilbert, Price, and Greenstein (10). 
15.7 gm. of chloroacetyl-pL-tyrosine were dissolved in 73.4 ml. of 1.14 N 
NaOH, resulting in a pH of approximately 7.8. 100 mg. of a carboxy- 
peptidase preparation (Mann Research Laboratories, Inc.) were added 
and a heavy precipitate of L-tyrosine appeared in a few moments. The 
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solution was allowed to stand at room temperature overnight, adjusted to 
pH 5.5 with glacial acetic acid, and allowed to stand for 2 hours at 0°. The 
precipitated L-tyrosine was washed with five 5 ml. portions of ice water 
and dried over P2Os. It weighed 5.4 gm. (theory 5.5 gm.). Chloroacetyl- 
p-tyrosine was isolated from the combined filtrate and washings (10). The 
crude product, which appeared to be contaminated with chloroacetic acid, 
was washed repeatedly with petroleum ether. The resulting 8.4 gm. (m.p. 
144-148° uncorrected) were methylated and dechloroacetylated by the 
procedure of Behr and Clarke (9). It was not possible, however, to isolate 
the acid sulfate of p-methoxy-p-phenylalanine from the hydrolysate by 
evaporating it almost to dryness (9) because of the low volatility of chloro- 
acetic acid. For this reason the free amino acid was precipitated directly 
from the hydrolysate by being neutralized with concentrated NH,OH. A 
yield of 2 gm. was obtained in this way and an additional 1 gm. was ob- 
tained by concentrating the mother liquor under reduced pressure in 
nitrogen. The crude p-methoxy-p-phenylalanine was purified by dissolv- 
ing small amounts in acid and reprecipitating with ammonia: A solution of 
800 mg. in 4.0 ml. of hot (80°) Nn H2SO, was treated with 0.7 ml. of con- 
centrated NH,OH and cooled. The crystals were washed with three 2 ml. 
portions of ice water and dried over P2O;. Yield, 622 mg.; m.p. 228°. 
Another 868 mg., similarly treated, yielded 703 mg.; m.p. 237-241° cor- 
rected. 


CioHi;0;N. Calculated. C 61.54, H 6.67, N 7.18, CH;O 15.90 
Found. ** 61.46, 6.52, 7.13, 15.52 


p-M ethoxyphenylpyruvic Acid—This substance was prepared from acetyl- 
glycine and anisaldehyde by a procedure described by Herbst and Shemin 
(11). The resulting azlactone, which was heavily contaminated by a dark 
colored impurity, could not be purified by recrystallization and was there- 
fore hydrolyzed with dilute alkali as described by Dakin (12). The highly 
impure product was repeatedly crystallized from hot water with charcoal. 
The over-all yield of pure p-methoxyacetaminocinnamic acid from 34 gm. 
of acetylglycine and 41 gm. of anisaldehyde was 6 gm. This was boiled 
under a reflux for 45 minutes with 79 ml. of 40 per cent NaOH (w/v) (13), 
and the partially cooled solution was poured into a mixture of 84 ml. of 
concentrated HCl and 10 gm. of ice.!. The crude product was recrystal- 
lized from hot water with charcoal; yield, 2 gm. of crystalline p-methoxy- 
phenylpyruvic acid (m.p. 192-194° corrected). 


CioH100,. Calculated. C 61.9, H 5.16, N 0.00, CH;0 16.0 
Found. 61.9, “£5.19, “0.00, 16.0 


' We are grateful to Dr. Burnett M. Pitt and Dr. W. E. Knox for many valuable 
suggestions concerning this synthesis. 
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Perfusion Technique—Dogs ranging in weight from 6 to 16 kilos were 
anesthetized with intravenous pentobarbital (30 mg. per kilo) and Wake- 
man and Dakin’s surgical procedure for isolating the liver in situ was 
carried out in detail (2). The liver was left in the dog; an input cannula 
was placed in the portal vein and the vena cava was then tied off above 
the entrance of the renal veins. The output cannula was placed in the 
inferior vena cava just above the diaphragm in such a manner as not to 
occlude the hepatic veins. The perfusion apparatus was closely patterned 
after Wakeman and Dakin’s description (2). The perfusion fluid consisted 
of 1 liter of 0.9 per cent NaCl to which had been added 60 to 200 ml. of 
defibrinated dog blood, obtained from the femoral artery just before the 
incision in the chest wall was made to permit cannulation of the inferior 
vena cava. The perfusion fluid ran by gravity from an upper reservoir 
through the liver to a lower reservoir, from which it was transferred at 
regular intervals to the upper reservoir. The upper reservoir was 83 cm. 
higher than the operating table and the lower reservoir was on the floor. 
Both were maintained at 37° and the fluid in the upper reservoir was 
continuously oxygenated by a current of oxygen through a fritted glass 
tube. <A few drops of capryl alcohol were added occasionally to prevent 
foaming. The cannulas were connected to the reservoirs with rubber tub- 
ing and the perfusion rate held between 80 and 130 ml. per minute with 
a screw clamp. Aliquots were taken from the upper reservoir at stated 
intervals for acetoacetate analysis. 

Experimental Protocol—The perfusion was run for 30 minutes before the 
addition of test compounds to the perfusion fluid. Aliquots were taken 
for acetoacetate analysis at the beginning and the end of this period to 
establish the basal rate of acetoacetate accumulation. Immediately after 
the withdrawal of the 30 minute aliquot, a neutral solution of test com- 
pound in 50 ml. of saline was added to the upper reservoir. The perfusion 
fluid was then analyzed at 15 minute intervals for an hour. At the end 
of the experiment the final total volume of the perfusion fluid was measured 
and the liver weighed. | 

Analytical Procedure—Aliquots (4 ml.) of perfusion fluid were diluted 
with 18 ml. of water and deproteinized with 6 ml. of CdSO, reagent? and 
2 ml. of 1.1 N NaOH (14). After centrifugation, the clear, neutral super- 
natant solutions were stored at 0° and analyzed for acetoacetate within 72 
hours by the method of Walker (15) which involves coupling with p-nitro- 
diazobenzene. The yellow acetylformazan derivative which forms is 
extracted with ethyl acetate and measured in a spectrophotometer at 450 
my. L-Tyrosine gives rise to less than 2 per cent of the color formed from 
an equimolar quantity of acetoacetate (15). p-Methoxyphenylalanine and 


2 34.67 gm. (83CdSO,-8H,2O) plus 169.3 ml. of 1.) N H»SO, diluted to 1 liter. 
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p-methoxyphenylpyruvate gave negligible amounts of color at the concen- 
tration levels employed in the perfusion medium (2.1 to 2.3 uwmoles per 
ml.). Homogentisic acid and p-hydroxyphenylpyruvate gave about 29 
and 6 per cent, respectively, of the color formed from an equimolar quantity 
of acetoacetate. However, the possibility that either of these two com- 
pounds accumulated in the perfused dog liver is remote in view of the high 
activity of p-hydroxyphenylpyruvate oxidase and homogentisic acid oxidase 
in dog liver (Table IV). The color formed from homogentisic acid is 
visibly different from that obtained with acetoacetate and has an absorp- 
tion peak at 310 mu. 

The differences between our procedure and that of Wakeman and Dakin 
(2) for measuring acetoacetate formation from p-substituted tyrosine 
derivatives in the perfused dog liver were as follows: (1) the use of pheno- 
barbital instead of ether as the anesthetic; (2) our initial 30 minute con- 
trol period; (3) the use of 500 mg. instead of 2.0 gm. quantities of the 
tyrosine analogues; (4) the determination of acetoacetate by the method 
of Walker instead of an iodometric determination of distilled acetone (2); 
and (5) the use of a perfusion fluid containing 60 to 200 ml. of defibrinated 
dog blood per liter of saline instead of a mixture of defibrinated bullock 
blood and dog blood. 


Results 


Preliminary incubations of p-methoxyphenylalanine and p-methoxy- 
phenylpyruvate with rat liver extracts yielded completely negative results. 
With dog liver slices the findings with some of these compounds were in- 
consistent and did not differ significantly from control values (Table I). 
The amounts of acetoacetate found in controls without substrate were 
highly variable and much higher on the average than the values of 0.29 
to 0.46 umole per gm. per hour*® reported by Wakeman and Dakin (2) and 
our value of 0.65 for perfusion control experiments. As these essentially 
negative results with dog liver slices probably reflected differences between 
the perfused liver and the liver slice rather than a contradiction of Wake- 
man and Dakin’s data (2), use of the perfused dog liver was regarded as 
necessary for a valid reinvestigation of their experiments. 

Our results with the perfused dog liver are listed in Table II. Two 
criteria were used to decide whether each test compound caused an in- 
crease in acetoacetate accumulation. A test compound was considered 
ketogenic if it caused an abrupt (10- to 50-fold) increase in the rate of 
acetoacetate accumulation in the interval immediately after administration 
of the compound and resulted in values which were consistently and ap- 


* Calculated from their data by assuming that the weight of the liver is 3 per cent 
of body weight. 
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TABLE I 
Accumulation of Acetoacetate in Dog Liver Slice Suspensions 
The values are expressed in micromoles per gm. of wet tissue per 2 hours.* 


Substrate Nithout | With substrate | A acetoacetate 
L-Tyrosine 0.31 0.67 +0.36 
0.23 1.19 +0.96 
0.26 1.25 +0.99 
p-Methoxy-p-phenylalanine 4.15 4.40 +0.35 
4.55 4.99 +0.44 
4.28 4.39 +0.11 
1.13 1.27 +0.14 
1.46 1.50 +0.04 
1.28 1.82 +0.54 
2.57 2.76 +0.19 
2.11 3.03 +0.92 
Sodium p-methoxyphenylpyruvate 1.13 1.67 +0.54 
1.46 1.96 +0.50 
1.28 2.87 +1.59 
2.57 1.77 —0.80 
2.11 2.07 —0.04 
Ammonium p-methoxyphenylpyruvate 2.57 2.12 —0.45 
2.11 1.94 —0.17 
0.36 0.82 +0.46 
0.46 0.82 +0.36 
NH,Cl 0.31 1.04 +0.73 
1.04 4.09 +3.05 
2.57 4.78 +2.21 
2.11 5.53 +3.42 
1.15t 3.50t +2.35t 
1.43f 3.90T +2.47T 


* Approximately 900 mg. of slices (average weight = 100 mg.) were suspended in 
20 ml. beakers containing 3.0 ml. of saline (in which 7.5 wmoles of substrate were 
dissolved), 0.86 ml. of 0.1 mM potassium phosphate buffer, pH 7.7, and 0.04 ml. of 
0.154 Mm MgSO,. The beakers were incubated in a Dubnoff shaker for 2 hours at 38° 
under oxygen. At the end of the experiment 2.00 ml. aliquots of the decanted me- 
dium were diluted with 9.00 ml. of H.O, deproteinized with 1.5 ml. of CdSO, reagent 
plus 0.5 ml. of 1.1 N NaOH, and analyzed for acetoacetate by the method of Walker 
(15). 

t Approximately 200 mg. of slices were used. 


preciably higher than the control with saline. According to these criteria 
L-tyrosine, p-methoxy-p-phenylalanine, pL-serine, NH,Cl, and ammonium 
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p-methoxyphenylpyruvate are ketogenic and p-methoxy-L-phenylalanine 
and sodium p-methoxyphenylpyruvate are not. 

The positive results obtained with L-tyrosine suggest that the enzymatic 
sequence of the Neubauer pathway to acetoacetate is intact in the perfused 
dog liver. In the case of p-methoxyphenylalanine, the inactivity of the L 
form, considered together with positive results obtained with the p form, 
indicates that deamination of the p but not the L form occurred. This is 


TaBLeE II 
Total Micromoles of Acetoacetate in Perfusion Fluid per Gm. of Liver 
a 
keg gm mg. 
7.2 3350.13'0.19| L-Tyrosine .40)1.57 
13.0 3580.060.11 
8.5 231 p-Methoxy -L-phenylalanine 500/0. 12/0. 13/0. 18)/0.18 
7.7 250,0.040.07 
7.5 230)0.05(0. 16 p-Methoxy -p-phenylalanine 5001. 2.26 
8.3 3440.03.0.05 1.50 
6.8 2110.040.06, pL-Serine 1.60 
7.9 | 2360.07,0.28 Sodium p-methoxyphenylpyruvate 5000. 36'0.82/0.96 
6.1 | 1820.05,0.23) Saline control 
10.0) 3370.000.03) Ammonium p-methoxyphenylpyruvate | 5003. 6.30 
9.3 2690.030.13) NH,Cl 137)0. 1.86|2.84 
9.1 2870.03 0.11 1370. 1.52\2.39 


a reasonable assumption since L-tyrosine transaminase is highly specific 
for L-tyrosine (16), whereas p-amino acid oxidase is relatively non-specific 
(17) and abundant in dog liver (18). The oxidation of p-methoxy-p- 
phenylalanine by p-amino acid oxidase is shown in Table IV. The accu- 
mulation of acetoacetate after the introduction of the p compound into 
the perfusion fluid, however, does not differentiate between the alternative 
possibilities that (1) the p-methoxyphenylpyruvate liberated by deamina- 
tion is converted directly to acetoacetate or that (2) the ammonia liberated 
by deamination indirectly stimulates the accumulation of acetoacetate (5). 
Our negative results obtained with sodium p-methoxyphenylpyruvate are 
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therefore of crucial importance since they point to the latter of these two 
alternatives. A necessary condition for this conclusion is that an equiva- 
lent amount of NH,+ should cause a similar accumulation of acetoacetate 
to occur in the perfused dog liver. This is borne out by the results ob- 
tained with NH,Cl and ammonium p-methoxyphenylpyruvate. The ex- 
ceptionally large accumulation of acetoacetate found in our single experi- 
ment with ammonium p-methoxyphenylpyruvate was noted but not 
further investigated in the perfused liver since our supply of the compound 
was limited and since the result is not essential for, and does not detract 
from, our conclusions. As is shown in Table I, it could not be duplicated 


TaBLe III 
Acetoacetate Accumulation in Perfused Dog Liver 
The values are expressed in micromoles per kilo of body weight per hour. 


Substance added Wakeman and Dakin This report 
91, 64 
p-Methoxy-p-phenylalanine..................... 86, 80 
4,3 
p-Methoxyphenylpyruvate...................... 27 
Sodium p-methoxyphenylpyruvate.............. 27, 11 
Ammonium p-methoxyphenylpyruvate.......... 282 
18, 107, 26 
p-Methylphenylpyruvate....................... 28, 38 


* Calculated from 30 minute preliminary control periods. 


with dog liver slices. It is of passing interest that pL-serine (a glucogenic 
amino acid) is ‘‘ketogenic”’ in the perfused dog liver, presumably due to 
the liberation of NH4*. 

A comparison of our results with those of Wakeman and Dakin (2) is 
given in Table III. Since these authors recorded total body weight but 
not liver weight, both their values and ours have been recalculated in 
micromoles per kilo of dog per hour. It may be seen that, in spite of our 
minor modifications of their procedure (see ‘Perfusion technique’’), the 
two sets of values are in close agreement when comparable experiments 
have been run; namely, the saline controls, their phenylalanine control and 
our tyrosine controls, and their results with p-methoxy-pL-phenylalanine 
and ours with p-methoxy-p-phenylalanine. With regard to p-methoxy- 
phenylpyruvate, Wakeman and Dakin state that before addition to the per- 
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fusion fluid ‘‘p-methylphenylpyruvic acid and p-methoxyphenylpyruvic 
acid were converted into their readily soluble neutral ammonium or sodium 


TABLE IV 
Warburg Experiments in Vitro at 38° 
Total 
Enzyme Substrate Time| Gas phase 
tion 
min. pl 
1 | Dog liver homogenate* None 100|—s Air 152 
15.5 “ pM-L-PAT 100 128 
“ 15.5 NapMPPfT 100 109 
2 Dog liver homogenate None 70; Air 142 
15.3 wymoles pM-p-PAT 70 233 
15.3 “ NapMPPt 70,“ 75 
3 | Dog liver homogenate None | 30) Oxygen | 130 
17.0 wmoles Na homogenti- | 30 544 
sate 
p-Amino acid oxidaset None 80) Air 3 
15.3 wmoles pM-p-PA 80 118 
5 Particle-free homogenate | 11.3 Naa-ketoglutar-| 60 18 
of dog liver§ ate + 3 wmoles ascorbate 
| 11.3 wpmoles L-tyrosine + 30 60 ais 236 
umoles Naa-ketoglutarate 
| + 3 uwmoles ascorbate 


* Prepared by homogenizing | gm. of dog liver with 2 volumes of phosphate-saline 
(0.075 M potassium phosphate, pH 7.6, 0.127 mM NaCl). 0.5 ml. of homogenate was 
incubated with 1.5 ml. of phosphate-saline in the main compartment and 0.5 ml. of 
substrate solution containing 4 wmoles of excess NaQOH in the side arm. 

t pM-p-PA = p-methoxy-p-phenylalanine; pM-t-PA = p-methoxy-.L-phenyl- 
alanine; NapMPP = sodium p-methoxyphenylpyruvate. 

t Purchased from the Worthington Biochemical Corporation and incubated as 
described elsewhere (19). 

§ Prepared and incubated as described elsewhere (20). 


salts” but did not indicate which salt was used in their tabulated data. 
Consequently we have perfused both the sodium and ammonium salts of 
p-methoxyphenylpyruvate in an attempt to find out which of these salts 
would give comparable results with their reported values. When our re- 
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sults (including those obtained with NH,Cl) are compared with their values 
obtained with p-methoxyphenylpyruvate and p-methylphenylpyruvate, it 
would appear that Wakeman and Dakin used the sodium salts of these 
a-keto acids in their published experiments and that, although their results 
(when calculated in mg. per kilo per hour instead of mg. per experiment 
as they reported) appear by inspection to be marginally significant, they 
are also in close agreement with ours, and these we consider negative for 
the reasons given above. 

Further evidence for our interpetation of the perfusion experiments is 
provided by the experiments in vitro (Table IV) which show that, of the 
three p-methoxy compounds tested, only p-methoxy-p-phenylalanine in- 
creases the oxygen uptake of dog liver homogenate above the control 
values. Sodium p-methoxyphenylpyruvate appears to inhibit the endoge- 
nous oxygen uptake of the homogenate and is presumably formed when 
p-methoxy-p-phenylalanine is oxidatively deaminated. Therefore the 
increment of oxygen utilized by the oxidation of p-methoxy-p-phenyl- 
alanine was calculated by utilizing the results obtained with the a-keto 
acid as control values which result in responses of 49 to 92 per cent in 
terms of oxygen uptake calculated on the assumption that only oxidative 
deamination occurred. <A 67 per cent response was obtained when p-meth- 
oxy-p-phenylalanine was tested in the presence of p-amino acid oxidase. 


DISCUSSION 


We have confirmed and extended the experiments of Wakeman and 
Dakin (2) on the ketogenic action of p-methoxyphenylalanine and p-meth- 
oxyphenylpyruvate but we regard as unjustified their conclusion that these 
compounds are actually converted to acetoacetate in the perfused dog 
liver. Our evidence that under the experimental conditions used by these 
authors the p-amino acid, NH,*, and ammonium p-methoxyphenyl- 
pyruvate are ketogenic, whereas sodium p-methoxyphenylpyruvate is not, 
clearly points to the well known ketogenic effect of ammonium ion in liver 
tissue (5). 

Our interpretation of the perfusion experiments (Table II) is that the 
a-keto acid and L-amino acid are not metabolized but that the p-amino 
acid is oxidatively deaminated to the inert a-keto acid. Accordingly, only 
the p-amino acid should cause an increase in the oxygen consumption of 
a dog liver homogenate, and the total increment of additional oxygen con- 
sumed should not exceed a limit of 0.5 mole of oxygen per mole of added 
p-amino acid. Therefore the results obtained with dog liver homogenates 
and with p-amino acid oxidase (Table IV) provide additional evidence for 
our interpretation. 


‘ Due to the presence of catalase. 
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Recknagel and Potter (21) have shown that the ketogeniec action of 
NH,* in liver tissue is due to its consumption in the citric acid cycle by 
the conversion of a-ketoglutarate to glutamate, with consequent increase 
in the rate of irreversible condensation of acetyl units to acetoacetate. 
According to this mechanism and our results with p-methoxy-p-phenyl- 
alanine, any amino acid which can be either deaminated or transaminated 
with pyruvate, oxalacetate, or a-ketoglutarate should be ketogenic in the 
perfused dog liver, provided that the corresponding a-keto acid is not a 
member of the citric acid cycle. This could explain the ketogenic action 
of the glucogenic amino acid, pL-serine (Table II). 

Although evidence has been reported for the ether cleavage of p-meth- 
oxy compounds both in vivo (22) and in vitro (23), it is unlikely that our 
results as well as those of Wakeman and Dakin (2) can be explained on 
this basis for the following reasons: (1) It would be necessary to invoke the 
improbable postulate that the p- but not the L-amino acid or the a-keto 
acid is demethylated and that therefore the demethylating ‘‘enzyme’”’ is 
highly specific for p-methoxy-p-phenylalanine. (2) Wakeman and Dakin’s 
results were obtained not only with p-methoxy compounds but with 
p-methyl compounds as well. (3) p-Methoxyphenylalanine did not give 
rise to homogentisic acid in the urine of an alcaptonuric individual (3). 

. Finally, it is interesting that Wakeman and Dakin’s positive results in 
the perfused dog liver, which exerted so profound and prolonged an in- 
fluence on the thinking of investigators in the field of tyrosine catabolism, 
depended to a large extent upon their initial choice of the perfused dog 
liver, which has an unusually high content of p-amino acid oxidase. Had 
dog liver slices been used or had the livers of other common laboratory 
animals been perfused with p-methoxy-pL-phenylalanine, the results would 
probably have been negative and Neubauer’s theory would have been as 
widely accepted in 1911 as it is today. 


SUMMARY 


1. The report of Wakeman and Dakin (2) that p-methoxy-p.L-phenyl- 
alanine is ketogenic when perfused through dog liver has been confirmed 
with p-methoxy-p-phenylalanine. p-Methoxy-L-phenylalanine and _so- 
dium p-methoxyphenylpyruvate are not ketogenic. 

2. It is concluded that Wakeman and Dakin’s interpretation of their 
results is incorrect and that the carbon skeleton of p-methoxy-p-phenyl- 
alanine is not converted to acetoacetate. The increase in accumulation 
of acetoacetate which follows perfusion of p-methoxy-p-phenylalanine 
through dog liver is attributed to the ketogenic action of the NH," released 
by deamination. 
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Chromatographic separations of amino acids on ion exchange resins 
may be performed on a preparative scale either by elution (2-4) or by 
displacement (5-12). Some of the exceptional resolving power demon- 
strated in analytical separations by elution techniques (13, 14) disappears 
when larger columns with relatively higher loads are used (2). 

Displacement chromatography allows large quantities of solute to be 
chromatographed on modest sized columns (12), but inherent in this 
technique is the disadvantage that solutes are mixed at zone boundaries. 
Furthermore, compounds of very similar structure are apt to emerge with 
large overlapping zones or are mixed throughout. These mixed fractions 
must be discarded or rechromatographed, thereby reducing the yield or 
increasing the labor. Quantitative recovery of pure material is theoreti- 
cally impossible. 

With minor exceptions, bases and acids emerge from cation or anion 
exchange resin columns in an order inversely related to their strength (15). 
That this order is maintained, whether or not the substance is amphoteric, is 
evident from the data of Partridge (8), Partridge and Brimley (12), and 
Shewan et al. (16, 17). Glucosamine, ammonia, and trimethylamine oxide 
assume predictable positions in the displacement order. Because the two 
latter compounds, both easily removable free bases, eliminate the over- 
lapping zone between adjacent ampholytes, it seemed likely that other 
bases might be found which would completely separate other pairs of 
amino acids in cationic displacement experiments and that acids would 
probably act in the same capacity with anion exchange resins. These 
separating acids and bases are called “carriers,” the term adopted by 
Tiselius and Hagdahl (18) to describe a series of alcohols which bring about 
separation of several amino acids and peptides on charcoal-Super-Cel 
displacement columns. Although non-ionic carrier displacement has 
had several applications (19-24) and the possible use of the principle in 
ion exchange chromatography has been recognized (12, 25), no previous 


* A preliminary report of this research has appeared in abstract form (1). 
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reports of its application seem to have been published. The practica- 
bility of separating mixtures of amino acids is illustrated by descriptions 
of two of the most useful variations of this procedure. 


Materials and Methods 


A pparatus—Separations were performed with the set of columns de- 
scribed in Table I, the exact dimensions of which are not critical. Each 
column was fitted with a sintered glass plate.'. Ground glass joints enabled 
the columns to be used in cascades and in various combinations. Double 
sectioned jacketed columns (Fig. 1) had rubber stoppers placed so that a 
snug fit into the jacket allowed the ground glass joint to seat firmly. 

Columns were operated by gravity flow, constant pressure being main- 
tained by a simple fluid-leveling mechanism (Fig. 1). Fractions were 
collected in 15 K 150 mm. tubes on a time-actuated collector? and dried 
with a rotary evaporator (26). Filtrations were performed on sintered 
glass microfunnels.’ 

Cooling and heating of jacketed columns were carried out with a cir- 
culating water bath‘ modified for refrigeration by the addition of a copper 
coil attached to a compressor.® 

Resins—Dowex 50-X4 (200 to 400 mesh) was graded by repeated sedi- 
mentation in distilled water. All material which settled in 6 minutes when 
200 ml. of resin were suspended in a filled 2 liter graduate was retained. 
This was passed through cheesecloth and then heated with stirring at 50° 
in 5 volumes of 2 N NaOH for 5 hours (12). The resin was then poured into 
a large column, washed with water, and regenerated with 6 N HCI until the 
effluent was colorless. After being washed with water, the material was 
stored in the wet state. Used Dowex 50 was collected in a reservoir and, 
when needed, regenerated in a column with 5 volumes of 6 N HCl. 

Dowex 2-X8 (100 to 200 mesh), chloride form, was repeatedly sedimented 
in distilled water to remove the “fines.” Just before use, it was regenerated 
with 1 N NaOH free from oxygen and CO: in a large column. Percolation 
was continued until the effluent was free from chloride. After being washed 
to neutrality with boiled and cooled water, the suspended material was 


1 These were ground from coarse sintered plates of discarded glassware. Short 
sections of glass tubing identical to that of the columns were mounted in the chuck of 
a drill press. A water paste of 400 mesh alundum was the abrasive. 

2 Spiral fraction collector, No. T-10, Gilson Medical Electronics, Madison, Wis- 
consin. 

3 Sintered funnel, No. 36060, 2 ml., Corning Glass works, Corning, New York. 

‘Constant temperature circulating bath, No. 4-94, American Instrument Com- 
pany, Inc., Silver Spring, Maryland. 

5 Compressor, } h.p., No. A-38F, Brunner Manufaciuring Company, Utica, New 
York. 


| 
| 
| 
| 


D. L. BUCHANAN 213 


poured to the mark of the appropriate column (Table I) and regenerated 
with a 1 M solution of the desired acid. Pressure (about 50 mm. of Hg) 
was applied to hasten this step. Used resin was converted to the chloride 
form to be regenerated just before re-use. 


TABLE 
Description of Resin Columns 
Column No. Length*  Volumet Resin Resin formt 
| cm. mi. 
l | 20 10 Dowex 2-X8 Acetate § 
IA 30 2-X8 Lactate | 
6 “  50-X4_ | Pyridine § 
2A 35 19 “ 50-X4_ | Hydrazine, hydrogen | 
3 81 50 “ 50-X4_ | Pyrazole, 1l-isopropylpyrazole, || 
hydrogen 
4 50 30 “« 2-X8 Succinimide || 
5 59 43 “  60-X4_ | Hydrogen, isopropylpyrazole, 
hydrogen 
5A 10 3.5 “  60-X4_ | Hydrogen | 
6 90  2-X8 Hydroxide, succinimide 
7 «BO 70 “ 50-X4_ | Hydrogen, pyrazole 
7A | 18 10 “ 50-X4 tT 
8 | 50  50-X4 nicotinamide | 


* Length from sintered plate to a mark which designated the top of the resin bed. 
The tubes were at least 3 to 4 em. longer at each end in addition toa $ joint. The 
inner diameters of the tubes were 0.7 to 1.3 em. 

t Volume of settled resin needed to fill column to mark. 

t Some forms of these resins, i.e. acetate, lactate, pyridine, pyrazole, 1-isopropyl- 
pyrazole, may be stored in the form used. Others are unstable and must be re- 
generated before use. Multizoned columns are most conveniently prepared by 
regeneration tn situ. See the text. 

§ 14/35 F joints, outer at top, inner at bottom. 

|| 14/35 F outer joint at top, drip tip at bottom. 

{ Jacketed, double sectioned column (Fig. 1) operated at 0°. 

** 24/40 F outer joint at top, 14/35 F inner joint at bottom. 

tt Jacketed, double sectioned column (Fig. 1) operated at 45°. 


Dowex 1-X8 (200 to 400 mesh) was sedimented for 10 minute periods in 
the manner described for Dowex 50. It was converted to the hydroxide 
form by prolonged percolation with carbonate-free 1 N NaOH. After 
the effluent became chloride-free, it was washed with water and stored in a 
refrigerator until used. Throughout the experiments, Dowex 1 and Dowex 
2 were used interchangeably with no apparent difference in results. 

Pouring of Columns—Better resolution was obtained when columns 
were poured in sections with the application of pressure from a regulator 
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set at 10 pounds per sq. in. Upper resin boundaries were leveled between 
additions of resin or fluid by manual rotation of the columns held in a 
vertical position. 

Reagents—Analytical grades of the various commercially available 
acids and bases were used without further purification. Succinimide, 
though commercially available, was synthesized (27) for expedience. Pyra- 


Fic. 1. Jacketed column in sections with fluid-leveling mechanism 


zole and several 1-substituted derivatives were prepared by modifications 
of the procedures of Jones (28). 

In the synthesis of pyrazole, equimolar quantities of 1,1,3,3-tetra- 
methoxypropane® and hydrazine sulfate were gently refluxed in 60 per cent 
alcohol (250 ml. per mole) for 2 hours, and the mixture was then distilled 
to 100°. The residue was diluted with water (200 ml. per mole) and 
treated with anhydrous Na2CO; until CO, evolution ceased. After 
cooling, the upper phase was separated and the lower phase extracted 
with two 100 ml. portions of ether. The extracts were combined with 
the separated upper phase and distilled. The distillate was discarded 
until solidification occurred in the water-cooled condenser, which was 


6 Obtained from Kay-Fries Chemicals, Inc., New York, New York. 
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then quickly drained of cooling water. Pyrazole (b.p. 184°) was collected 
until yellow fumes appeared in the condenser and, when crystallized 
from 3 volumes of ether, gave a yield of 80 per cent (m.p. 70°). 1-Methyl- 
pyrazole was prepared by substituting methylhydrazine sulfate. 

Ethyl, isopropyl, n-propyl, isobutyl, n-butyl, 8-hydroxyethyl], and allyl 
derivatives were prepared by a modification of the method described for 
1-benzylpyrazole (28). Sodium shavings (28 gm.) were quickly washed 
with alcohol and added to 1 liter of cooled absolute alcohol. When the 
reaction was complete, pyrazole (68 gm.) was added and the mixture 
gently refluxed for 2 hours during the dropwise addition of 1.5 moles of 
the appropriate alkyl iodide or bromide. Refluxing was continued until 
the mixture became neutral. For screening tests, these mixtures, after 
filtration, were passed into 500 ml. columns of Dowex 50-X8 (200 to 400 
mesh), washed with water, and displaced over a collector with 2 m NH,OH. 
Fractions were pooled between the visible breakthrough of the pyrazole 
derivative (also detectable by odor) and the first appearance of a pre- 
cipitate with ammoniacal AgNO; (unchanged pyrazole). 

In later preparations of the two most useful of these compounds, 1-ethyl- 
pyrazole (b.p. 139°) and 1-isopropylpyrazole (b.p. 143°), the reaction mix- 
ture was rapidly distilled from the salt and then fractionally distilled 
to give yields of about 60 per cent (ethyl) and 30 per cent (isopropyl). 
When the silver salt of pyrazole was treated with alkyl bromides, yields 
were lower and inconsistent. 

The amino acids were obtained from two sources (Table VII) and were of 
the optical configurations shown in Tables IV and VII. 

Spot Tests and Paper Chromatograms—After the techniques had been 
established, progress of most of the fractionations was followed by spot 
tests. Half-inch squares were ruled and numbered in pencil on Whatman 
No. 1 filter paper. Aliquots (approximately 2 ul.) were then spotted 
with small stirring rods or capillary micropipettes and these were sprayed 
with a 1 per cent solution of ninhydrin in butanol and heated. 

In cases in which amino acids were not widely separated by ninhydrin- 
negative carriers or in which carriers interfered with ninhydrin color 
development, one-dimensional paper chromatography was performed on 
Whatman No. 3 paper in n-butanol-acetic acid-water (4:1:1) solvent. 
Spots (2 ul.) were pipetted from serial fractions at half-inch intervals 
along a line 3 inches from the edge of a half sheet of paper. Development 
(descending) for 5 hours gave sufficient resolution for clear identification 
of all amino acids except the isomeric leucines. 


Separation of First Mixture 


1 mmole each of fifteen amino acids (see Table IV) plus 0.1 mmole 
each of cystine and tyrosine were dissolved in 70 ml. of water. The 
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three basic amino acids were added as the monohydrochlorides. Cystine 
and tyrosine were dissolved by adding 1 ml. of 1 m NH,OH and heating 
before the other amino acids were added. 

Primary Separation—The amino acids were first divided into acidic, 
basic, and neutral groups by passing the mixture successively through 
Columns 1, 2, and 3 (Table I). Ground glass joints were lightly lubricated 
on the upper half with a hydrocarbon stopcock grease (not silicone). 

Columns 1 and 2 were prepared by pouring resin stored in the appropriate 
form. Column 3 was prepared by pouring the column in the hydrogen 
form and then successively adding 75 ml. of 0.2 mM 1-isopropylpyrazole 
and 75 ml. of 0.2 m pyrazole. <A funnel of the type shown in Fig. 1 was 
used for pouring the columns and for adding solutions to them. 

After all but 2 to 3 ml. of the amino acid mixture had passed into the 
top surface of resin, 100 ml. of distilled water were added in portions. 
Ninhydrin spot tests of the effluent from each of the three columns became 
negative before all of the water had washed through, and the 170 ml. of 
effluent were discarded. 

Column 1 retained glutamic and aspartic acids and the chloride from 
the basic amino acid salts. Column 2 retained only the three basic amino 
acids. Column 3 retained the neutral amino acids and the pyridine dis- 
placed from Column 2 by the basic amino acids. The three columns 
were developed separately but simultaneously. 

Separation and Purification of Acidic Amino Acids—Column 1 was 
detached from the cascade and placed above Column 1A (Table I) which 
had been filled with resin stored in the lactate form. The pair of columns 
was developed with 0.2 M citric acid. Fractions containing glutamic acid 
and those containing aspartic acid were separately pooled (Table II) and 
taken to dryness with the evaporator. Each was brought into solution on 
a steam bath with 3 ml. of hot water and crystallized by adding 20 ml. 
of boiling absolute alcohol. 

Separation and Purification of Basic Amino Acids—Column 2 was 
placed above Column 2A (Table I), which was prepared by pouring the 
column with resin in the hydrogen form and then adding 50 ml. of 0.2 m 
hydrazine.” The pair of columns was developed first with 50 ml. of 0.2 M 
NH,OH# and then with 0.2 m piperidine. After the addition of the piperi- 
dine, the column assembly was placed over the collector. Because hy- 
drazine masks the ninhydrin spot test and piperidine produces the reaction, 
a paper chromatogram was performed on each fraction to identify those 


7 Collidine (1) is a less satisfactory carrier for separating histidine and lysine be- 
cause, when used, the column must be heated to about 50°. 
8 When the carrier NH,OH was added before the amino acids, there was consider- 


able trailing of lysine. 
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containing each basic amino acid. After the solvent front had run only 2 
inches past the origin, accurate identification of fractions was possible. 

Fractions containing histidine, lysine, and arginine (Table II) were 
separately pooled and taken to dryness. The flasks were then attached 
to a high vacuum manifold and evacuated for 2 to 3 hours to remove the 


TABLE II 
Development of Columns in Primary Separation of First Mixture 
Column Volume Content 
ml. 
1-1A 50 Acetic acidt 
1-5 61 Glutamic acid 
Dowex 2 6-10 60 Lactic acidf 
11-13 36 Aspartic acid 
Citric acidt 
2-2A 180 Water, pyridineft 
1-3 23 Histidine 
Dowex 50 4-5 15 Hydrazinet 
6-9 29 Lysine 
10-13 29 Ammoniat 
14-17 29 Arginine 
Piperidine 
3 192 Watert 
1-6 45 Group I: serine, threonine, proline 
Dowex 50 7-9 22 1-Isopropylpyrazolef 
10-23 104 Group II: ‘‘aliphatic”’ and sulfur-containing 
amino acids 
24-27 30 Pyrazole, cystine (trace) 
28-37 74 Group III: phenylalanine, tyrosine 
Pyridinet 


* Collector set to change every 20 minutes. 
+t Ninhydrin spot test negative for amino acids. 


last traces of free base. After addition of 2 ml. of 1 mM HCl, the material 
was again taken to dryness and redissolved in a minimum of water. Al- 
cohol (10 ml.) was first added and then pyridine (0.5 ml.) to crystallize 
the monohydrochloride salts (2). 

Separation of Neutral Amino Acids into Groups—Column 3 was de- 
veloped with 0.2 m pyridine solution. Spot tests revealed a clear separa- 
tion of the amino acids into three groups. Paper chromatograms identified 
the first group as proline, serine, and threonine, the second group as gly- 
cine, alanine, valine, methionine, cystine, leucine, and isoleucine, and 
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the third group as phenylalanine and tyrosine (Table II). Because of 
its low solubility, cystine had crystallized from several fractions and had 
trailed across the break between Groups II and III. All fractions with 
precipitated cystine were filtered through a sintered glass microfunnel 
before they were pooled. This was set aside for the later collection of 
more cystine. 

The groups were pooled and Groups I and III taken todryness. Phenyl- 
alanine and tyrosine were not further separated in this experiment and 
were crystallized together. 

Separation of Proline—The mixture of proline, serine, and threonine 
was taken up in 20 ml. of water and passed through Column 4. Because 
succinimide slowly hydrolyzes to succinamic acid under alkaline condi- 
tions, this column was regenerated from the washed hydroxide resin just 
before use. The column was placed over the collector before the amino 
acids were added. Spot tests revealed the fractions containing proline 
and those containing the threonine-serine mixture (Table III). 

The pooled proline fractions were passed through a 2 ml. column of 
Dowex 50 in the hydrogen form, washed with water, and displaced into an 
evaporating flask with 10 ml. of 1 mM ammonium hydroxide. After being 
taken to dryness, the residue was dissolved in 3 ml. of hot absolute alcohol 
and precipitated with 10 ml. of ether. 

Separation of Serine and Threonine—The pooled mixture of serine and 
threonine was next passed into Column 5 (Table 1). This was prepared by 
pouring 40 ml. of Dowex 50-hydrogen into the column and then adding 4 
ml. of 1-ethylpyrazole in 100 ml. of water. After this solution had been 
washed into the resin, 3 ml. of hydrogen resin were added and then the 
amino acid mixture was transferred to the column. When the solution had 
entered the resin, the column was fitted into the jacket and coupled to 
Column 5A, the lower section. The column was cooled to 0° by means of 
a circulating water bath‘ containing 10 per cent ethanol and developed 
with 0.1 m pyridine. 

Because of the considerable lapse of time before the emergence of 
threonine, effluent was first collected in a single vessel. Collection of 
fractions was started after the visible advancing boundary of the carrier 
had entered Column 5A. Paper chromatography was performed on 
each fraction which gave a positive spot test. Fractions containing 
threonine and serine (Table III) were separately pooled and taken to 
dryness. Each residue was redissolved in 1 ml. of water on a steam bath 
and the amino acids were crystallized by the addition of 15 ml. of boiling 
alcohol. 

Separatien of Alanine, Methionine, and Cystine from Group II of Neutral 
Amino Acids—Column 6 was prepared by pouring 80 ml. of freshly re- 
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generated and washed Dowex 2-hydroxide and then converting this with 


10 gm. of succinimide dissolved in 100 ml. of degassed water. After this 
solution had been forced through the resin, 10 ml. of Dowex 2-hydroxide 
TABLE III 
Development of Columns Separating Neutral Amino Acids of First Mixture 
Column 7 Volume Content 
4* 1 12 Succinimidet 
2-6 61 Proline 
Dowex 2 7-10 Succinimidet 
| 11-16 81 Serine, threonine 
Succinimidet 
5-5At 375 Water, l-ethylpyrazolet 
1-9 42 Threonine 
Dowex 50 | 10-33 112 Serine 
6* 169 Succinimidet 
14 44 Alanine 
Dowex 2 5-15 117 “glycine, valine, ‘‘leucines”’ 
16-19 42 ‘‘Leucines”’ 
20-33 141 Succinimidetf 
34-42 90 Methionine 
43-57 150 Cystine 
Acetic acid 
7-7Aq 336 Water, pyrazolet 
14 43 Glycine 
Dowex 50 5-7 32 “alanine 
8-9 21 Alanine 
10-11 21 Pyrazolet 
12-21 101 Valine 
22-25 30 Pyrazolet 
26-32 65 Alloisoleucine 
33-38 55 Leucine, isoleucine 
Pyridine 


* Collector set to change every 10 minutes. 
+t Ninhydrin spot tests negative for amino acids. 
t Collector set to change every 20 minutes. 


were added to the top of the column and the pooled mixture of “aliphatic” 
and sulfur-containing amino acids from Column 3 was allowed to flow 
through by gravity. After the mixture had been rinsed into the resin, 
the column was developed with 0.2 m acetic acid while 10 minute fractions 
were collected. 


| 
| 


220 CARRIER DISPLACEMENT CHROMATOGRAPHY 


Paper chromatograms (Table III) revealed that most of the alanine 
emerged unmixed. Methionine and cystine were well separated from the 
mixture and, except for a slight overlap, from each other. Unmixed 
fractions of each of these were pooled and passed through separate 2 ml. 
columns of Dowex 50-hydrogen. After washing with water, they were 
displaced with 10 ml. of 1 m NH,OH. Methionine was taken to dryness, 
dissolved in 1 ml. of water on a steam bath, and crystallized by the addi- 
tion of 15 ml. of absolute alcohol. Cystine was taken to dryness, suspended 
in 3 ml. of water, and filtered through the sintered microfunnel used to 
collect the cystine previously precipitated. The displaced alanine solu- 
tion was set aside for the later addition of the remaining alanine. 

Separation of Glycine, Alanine, Valine, and ‘‘ Leucines’’—All mixed 
fractions of these amino acids from the previous separation were pooled 
and passed into Column 7-7A. The upper section, prepared mainly 
from resin in the pyrazole form, had 4 ml. of hydrogen resin at the top. 
The column was maintained at 45° during its development with 0.2 m 
pyridine. 

The remaining alanine (approximately 10 per cent) emerged still mixed 
with glycine (Table III). Valine was well separated, and, although 
separation of isoleucine and leucine seemed to have taken place, this 
proved to be merely a separation of alloisoleucine present as a contami- 
nant in the isoleucine (see below). 

Unmixed fractions were pooled and taken to dryness. The fractions of 
alanine and glycine which were still mixed were separated on a sheet of 
heavy filter paper? with n-butanol-acetic acid-water (4:1:1) solvent. 

Recoveries—Table IV lists the per cent yield of each amino acid added 
to the mixture. The high recovery of valine was the result of an error 
in weighing the original material. The isolated amino acid was chromato- 
graphically pure. A previous experiment had given the result in paren- 
theses. The yield of phenylalanine and tyrosine is that of the mixture. 

All of the amino acids but glycine and alanine appeared as white powders 
or crystals. These two had acquired a yellow contaminant from the filter 
paper. Recrystallization in most cases did not greatly reduce the yield, 
as seen in the last column of Table IV. An accident in a vacuum oven 
explains the missing values in this column. 


Separation of Second Mixture 


A second mixture was prepared to simulate the content of amino acids 
in 2 gm. of bovine serum albumin (29). Because of the paucity of methio- 
nine and tryptophan in this protein, these were each increased in amount 
(Table VII). 


9 No. 470A, Carl Schleicher and Schuell Company, Keene, New Hampshire. 
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The mixture was brought into solution with an equimolar quantity of 
hydrochloric acid and then to a volume of 30 ml. After addition of the 
equivalent amount of solid pyrazole, a crop of crystals formed overnight 
which, when filtered, represented 75 per cent of the cystine and no tyro- 
sine. Addition of the same molar quantity of ammonia and overnight 
cooling produced a second crop of crystals which were mainly tyrosine 
with some cystine. These also were removed by filtration on a sintered 
microfunnel. The filtrate was taken to dryness to remove ammonia 


TABLE IV 
Recovery of Amino Acids from First Mixture 
Amino acid First crystallization Recrystallization 

i per cent per cent 
pL-Aspartic acid.............. 88.2 
88.0 84.0 
90.3 
| 99.0 77.1 

» ‘ 

hen) alanine! 87.2 
L-Tyrosinet | 


* pt-Leucine (1.0 mmole), L-isoleucine (0.5 mmole), v-alloisoleucine (0.5 mmole). 


+ Previous experiment. 
t 0.1 mmole added. 


and the amino acids and pyrazole were redissolved in 50 ml. of water. The 
subsequent procedure is summarized by a flow diagram in Fig. 2. 

Primary Separation—This separation was performed on a single column 
(117 em., 90 ml.) of Dowex 50. 15 mmoles of each of the first three car- 
riers, l-isopropylpyrazole, pyrazole, and nicotinamide, in 0.2 M solution 
were first added in turn to the column. 

After the amino acid mixture had been put on the resin, 15 mmoles 
of each of the remaining carriers, pyridine, hydrazine, and ammonia, were 
added in 0.2 M solution. The final displacing agent, piperidine, was added 
in 0.1 mM solution. 

The amino acids emerged in groups and singly as shown in Table V. 
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Group I contained glutamic and aspartic acids, as well as the three amino 
acids present in the first experiment. Groups II and III were the same as 
described previously. 

Separation of Group I—Column 6 (Table I) was next poured with Dowex 
1 in the succinimide form and the pooled fractions of proline, threonine, 
serine, glutamic acid, and aspartic acid at a volume of 20 ml. were then 


TABLE V 
Development of Column* in Primary Separation of Second Mixture 
Fraction Nos.t Volume Content 
ml, 
400 Water 
1-10 75 Group I: glutamie acid, aspartic 
acid, proline, threonine, serine 
11-15 38 1-Isopropylpyrazolet 
16-47 270 Group II: glycine, alanine, va- 
line, ‘‘leucines,’”? methionine, 
cystine 
48-70 167 Pyrazolet 
71-82 90 Group III: phenylalanine, tyro- 
| sine 
83-89 | 53 Nicotinamidet 
90-113 | 175 Tryptophan 
114-118 37 Histidine 
119-127 68 Hydrazinet 
128-138 77 Lysine 
139-157 | 128 Ammoniaf 
158-164 | 50 Arginine 
Piperidine 


* Dowex 50-X4, 117 em., 90 ml. 
t Collected each 20 minutes after the visible boundary reached the lower end of 


the column. 
t Ninhvdrin spot tests negative for amino acids. 


added. After these had been washed in, the column was developed with 
0.2 Mm acetic acid (Table VI). The amino acids emerged in the order given, 
proline and the acidic amino acids being well separated. Serine and 


Fic. 2. Separation of second mixture. Carriers and their contractions are as fol- 
lows: IPP, 1-isopropylpyrazole; PYZ, pyrazole; NIC, nicotinamide; PYD, pyridine; 
HY, hydrazine; AMM, ammonia; PIP, piperidine; SUC, succinimide; AC, acetic acid. 
Amino acids and their contractions are as follows: Asp, aspartic acid; Glu, glutamic 
acid; Ser, serine; Thr, threonine; Pro, proline; Gly, glycine; Ala, alanine; Val, valine; 
lleu, isoleucine; Allo-Ileu, alloisoleucine; Leu, leucine; Met, methionine; Cys, cystine; 
Phe, phenylalanine; Tyr, tyrosine; Try, tryptophan; His, histidine; Lys, lysine; 
Arg, arginine. 
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Development of Columns Separating Amino Acids in 
Groups I to III of Second Mizture 


Column Volume Content 
ml. 
6t 1-2 40 Succinimidef 
3-5 69 Proline 
Dowex 1 6-11 117 Succinimidet 
12-17 122 Serine, threonine, methionine sulfoxide 
18-19 45 Succinimide, acetic acidf 
20-24 83 Glutamic acid 
25-32 167 Acetic acidt 
33-128 120 Aspartic acid 
Acetic acidf 
5-5A 325 Water, 1-isopropylpyrazole 
1-8 33 Methionine sulfoxide 
Dowex 50 9-10 8 1-Isopropylpyrazole 
11-50 165 Threonine 
51-75 104 Serine 
1-Isopropylpyrazole 
6t 1-12 90 Succinimidetf 
13-20 55 Alanine 
Dowex 1 21-50 176 7 glycine, valine, ‘‘leucines’’ 
51-61 55 Succinimide, leucine (trace) 
62-81 92 Methionine 
82-83 8 < cystine 
84-115 150 Cystine 
7-7A 350 Water, pyrazolet 
1-2 23 Glycine 
Dowex 50 3-5 34 Alanine, glycine 
6-7 22 
8 11 Pyrazolet 
9-17 89 Valine 
18-20 27 Pyrazolet 
21-30 74 Alloisoleucine 
31-33 16 Pyrazolet 
34-56 120 ‘*Leucines”’ 
Pyridinet 
8 155 Nicotinamidet 
1-12 110 Phenylalanine 
Dowex 50 13-15 27 Nicotinamidet 
16-30 135 Tyrosine 
Pyridinet 


* Collected every 20 minutes. 
t Dowex 1-succinimide. 
t Ninhydrin spot test negative. 
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threonine were mixed with methionine sulfoxide. These three were 
separated on the refrigerated Column 5 as described for the first mixture 
except that 1-isopropylpyrazole (4 ml.) was used as the carrier. Methio- 
nine sulfoxide came off ahead of threonine and was well separated. 


TaB_Le VII 
Recovery of Amino Acids from Second Mixture 
Amino acid Initial amount | crysralitation | Recrystallization 

mg. per cent per cent 
u-Glutamic acid*..................... 339.2 96.0 94.2 
pi-Aspartic acid..................... 221.7 88.0 86.4 
102.3 93.6 89.0 
150.1 69 .9T 66.4f 
L-Isoleucine 27.2 
pi-Alloisoleucine|*~ 27.2 90.5 80.4 
137.1 93 .0 88.5 


* These chemicals from Distillation Products Industries Division of Eastman 
Kodak Company; all others from Nutritional Biochemicals Corporation. 

t Corrected for 4.8 per cent yield of methionine sulfoxide. 

t See footnote 10 of the text. 

§ Some material lost on fraction collector. 


Separation of Group I[I—This separation was performed as for the first 
mixture except that Dowex 1 replaced Dowex 2 in Column 6, and the mixed 
fractions of alanine and glycine were separated by being rechromato- 
graphed on Column 6 rather than on paper. 

Separation of Group 1] [—Phenylalanine and tyrosine were separated on 
Column 8 (Table I), Dowex 50 in the nicotinamide form. When pyridine 
was used to displace, there was excellent separation (Table VI). 

Separation of Cystine and Tyrosine—The mixture of these amino acids 
which had crystallized upon addition of ammonia was redissolved by add- 
ing an equivalent amount of hydrochloric acid and then was placed on a 
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column of Dowex 50 in the pyrazole form (30 ml., 50 cm.). When de- 
veloped with 500 ml. of pyridine, cystine preceded tyrosine in very dilute 
solution. 

Recoveries—Table VII gives the yield of each of the amino acids in 
the second mixture. The average recovery was 87.4 per cent upon the 
first crystallization and 81.6 per cent upon recrystallization. Glycine 
gave the lowest yield as a result of loss of some effluent. Methionine 
also gave a low yield and this was partly the result of oxidation of the 
amino acid. Nearly 5 per cent of the added methionine was recovered as 
methionine sulfoxide in Group I (Table VI). 

Purity—Heavily spotted paper chromatograms of all amino acids showed 
traces of contamination only in those that had displayed slight overlapping 
zones. Glycine contained a trace of alanine. Serine and threonine each 
had faintly detectable amounts of the other. Methionine contained a 
trace of leucine as well as cystine and methionine sulfoxide. Tyrosine still 
showed a slight contamination with cystine which disappeared upon 
recrystallization. 

Separation of Isoleucine and Alloisoleucine—For a considerable time 
during the course of this work, it appeared that isoleucine and leucine 
were separable on the heated Dowex 50-pyrazole column. However, 
consistent low yields of ‘‘isoleucine” and greater than theoretical yields 
of “leucine”’ pointed to an impurity in the isoleucine. The development 
of a column to which the only amino acid added was 1 mmole of “bt- 
isoleucine’’!® gave two completely separated zones of equal size. When 
50 mg. of this mixture were added to 250 mg. of pL-leucine, the second zone 
was the larger. When 10 mg. of the “pL-isoleucine”’ were added to 35 
mg. of L-isoleucine,'' the second zone was again the larger. The first 
zone is, therefore, alloisoleucine. 


DISCUSSION 


Although acidic or basic strength is of highest importance in the deter- 
mination of the displacement order of a group of substances, other factors 
such as aromaticity and molecular size also contribute (15). To separate 
two amino acids, a search is made for carrier compounds of intermediate 
or at least similar pK values. One also considers solubility, reactivity 
with ninhydrin, ease of removal, and cost. The final selection must, of 
course, be based upon experiment. 

With amino acids which have dissociation constants and resin affinities 


10 The “‘pL-isoleucine”’ was in reality 50 per cent L-isoleucine and 50 per cent 
p-alloisoleucine (personal communication, Nutritional Biochemicals Corporation, 
Cleveland, Ohio). 

1! Kindly donated by Dr. Joseph Fruton. 
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almost identical to one another, it is probably impossible to find substances 
which function as ideal carriers. One may cite the fact that there is little 
tendency for certain groups of three amino acids to separate at all by ordi- 
nary displacement chromatography (12). Obviously one of the three 
amino acids should have an intermediate affinity for the resin, but, despite 
this, it does not function as a carrier to separate the other two. 

It has been found that an acid or base which functions as a carrier 
to separate two groups of amino acids may often be useful in the separation 
of the amino acids of either group by elution. The resin is first saturated 
with the acid or base and, after the amino acid mixture is added, the column 
is developed with a dilute solution of the same acid or base. Pyrazole, 
nicotinamide, 1-isopropylpyrazole, succinimide, and acetic acid are used 
in this way. 

Empirically, the capacity of columns in these techniques is much greater 
than with elution chromatography. Consequently, columns can be much 
smaller and volumes of effluent are much less. The first separation was 
performed with only 200 ml. of Dowex 50 and 160 ml. of Dowex 2 resin 
compared with about 14 liters of resin used to separate a similar mixture 
by an elution method (2). The total volume of effluent in the first separa- 
tion described here was 3200 ml., while in the elution method the volume 
was approximately 65 liters. Isolation of the amino acids from the ef- 
fluent is also much simpler with carrier displacement because the carriers 
are usually volatile or are soluble in alcohol. When neither is the case, 
they may be removed by passing the pooled effluent through a small 
column of resin chosen to retain the amino acid but not the carrier. De- 
salting is never necessury. Because of the small resin volumes, the ef- 
fluent contains less material extracted from the resin than with elution, 
and less care need be taken in order to obtain colorless products. 

The chief disadvantage of this method is that isoleucine and leucine 
have not as yet been separated. Furthermore, alanine and glycine are 
completely resolved only by recycling. The necessity for several col- 
umns, though a disadvantage, actually expedites the separation because 
two or more columns may be developed simultaneously. 

Effects of Temperature—Partridge and Brimley (10) ascribe the improve- 
ment in separating certain amino acids on heated columns to the partial 
elimination of the effect of van der Waals forces. By the present technique 
serine and threonine do not separate very well at 25°, separate partially 
at 10°, and separate very well at 0°. This demonstrates that a second 
mechanism is probably operative. In the refrigerated separation, threo- 
nine emerges first. If increased van der Waals forces at the lower tempera- 
ture promoted the separation, one would expect that the larger molecule, 
threonine, would be the one retarded. It is likely that here the alteration 
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in temperature effects a separation by differentially changing the dissocia- 
tion constants of serine and threonine. 

Variations in Technique and Possible Improvements—The carrier dis- 
placement technique has many possible variations and the one chosen will 
depend upon which amino acids are to be isolated. ‘Two variations are 
described here. The first has advantages if only a single or a few amino 
acids are to be separated. The second is preferable when the objective 
is the isolation of the eighteen most common amino acids of protein hy- 
drolysates. Numerous improvements in the method will undoubtedly 
be made in time. The discovery of additional carriers should improve 
resolution. The failure of pyridine to give a complete separation of tryp- 
tophan from histidine suggests that a compound slightly more basie would 
improve the method. Hydrazine is not an ideal carrier because of its 
slight instability and preliminary tests indicate that tris(hydroxymethyl)- 
aminomethane separates histidine and lysine and may thus replace hy- 
drazine. Creatine separates phenylalanine from 6-alanine, and nicotinic 
acid (1) functions like pyrazole, separating leucine from phenylalanine. 
Being an amphoteric substance, nicotinic acid is more difficult to remove 
than pyrazole and its use has been abandoned. 

In addition to the finding of new carriers, three other conditions may 
be varied with the possibility of improving separations. ‘Temperature 
may be raised or lowered, as already discussed. Elevating the temperature 
may make the carrier run ahead of its normal sequence, as is seen with 
pyrazole or l-isopropylpyrazole, or it may have the reverse effect as it 
does with collidine (1). The brand or type of resin has some effect on the 
displacement order, as illustrated by the difference between the position 
‘of proline on a sulfonated phenolic resin versus that on a sulfonated poly- 
styrene resin (12). Finally, the addition of alcohol or other less polar 
solvents will alter the relative affinities of solutes for the resin (12). De- 
spite several attempts, no very useful applications of these latter two 
devices have been discovered. 

It seems reasonable that for analytical work the solutions could be 
reduced in proportion to the quantity of amino acid. If so, one could 
separate 1 mg. of each amino acid with approximately 4 ml. of resin and 
32 ml. of developing solutions. 


SUMMARY 


A new procedure for separating all but two of the common amino acids 
by displacement chromatography has been devised. It involves the use of 
bases and acids that have sorption affinities intermediate between those 
of the amino acids. These “carrier” substances assume positions in the 
displacement order between the amino acids being separated, and many of 
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the mixed zones that normally occur are eliminated. In some cases, 
the compounds used as carriers serve also to separate closely related amino 
acids by elution analysis. The method is capable of effecting the separation 
of at least a millimole of each amino acid on a series of columns containing 
a total of only 360 ml. of resin. Volumes of effluent are correspondingly 
small and desalting is unnecessary. , 


The technical assistance of Miss Carol Schafer is gratefully acknowl- 
edged. 
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THE OXIDATION OF 2-NITROPROPANE BY EXTRACTS 
OF PEA PLANTS* 
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That 8-nitropropionic acid has been identified in several plant products 
(1-5) and that Neurospora possesses an enzyme which catalyzes the 
oxidation of certain aliphatic nitro compounds (6) lend interest to a further 
study of the enzymes in plants that act on such compounds. The present 
report describes certain properties of an enzyme system from peas which 
oxidizes 2-nitropropane. Many of the properties of this enzyme system 
are similar to those reported for certain other plant enzymes which oxidize 
indoleacetic acid. 


EXPERIMENTAL 


Determination of Activity—Enzymatic activity was observed by both 
colorimetric and manometric procedures. The colorimetric method 
involved observation of the density of the color developed when the 
enzymatic reaction mixture was tested for nitrite with sulfanilic acid and 
a-naphthylamine. The procedure was as follows: At zero time, 0.20 
ml. of 0.2 mM 2-nitropropane was added to an 18 X 150 mm. test tube 
containing 0.60 ml. of enzyme appropriately diluted with 0.2 m phosphate 
buffer, pH 6.8, 0.1 ml. of 5 X 10-* m MnSO,, and 0.1 ml. of 0.1 m resorcinol. 
The tube was agitated by a mechanical shaker at room temperature. 
After exactly 5 minutes, 1.0 ml. of 0.1 m acetic acid was added to the reac- 
tion mixture and 0.2 ml. was then removed to test for nitrite. This 
aliquot was diluted to 5 ml. with water and 0.5 ml. each of the Griess 
and Ilosvay reagents (7) was added. The color was read after 15 minutes 
in a Klett colorimeter with a 540 my filter. Blank values for control tubes 
containing freshly boiled enzyme were subtracted. The enzyme was 
diluted to give Klett readings of from 50 to 350 when the assay was per- 
formed as above. Fig. 1 indicates the linear relationship between Klett 
reading and enzyme concentration. 

Assays were performed in duplicate and generally agreed with one 
another within +5 per cent. Assays performed on the same day or on 
consecutive days generally agreed within +10 per cent. A small number 


* This work was supported in part by grants from the Research Corporation and 
the Sigma Xi-RESA Research Fund. 
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of analyses, however, varied widely from their duplicates for unknown 
reasons. 

A unit of enzyme activity was defined as that amount of enzyme which 
liberated from 2-nitropropane enough nitrite to give a Klett reading of 
100 when the assay was performed as described above. Enzyme activity 
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Fic. 1. Effect of enzyme concentration on liberation of nitrite from 2-nitropro- 
pane. The reaction mixture contained the indicated volume of crude enzyme solu- 
tion, 5 X 10-4 m MnSO,, 1 resorcinol, and 0.04 M 2-nitropropane. After ai 
minute incubation, nitrite was determined colorimetrically in a 0.1 ml. aliquot. 

Fia. 2. Effect of activators on oxidation of 2-nitropropane by pea enzyme. The 
complete reaction mixture, 2.5 ml., contained 2145 units of partially purified enzyme 
(specific activity of 52,000 units per mg. of protein), 0.16 m phosphate buffer, pH 638, 
0.025 mm resorcinol, 0.00125 mm MnSO,, and 0.10 mm 2-nitropropane. Complete 
(&); complete minus Mn*+ (A); complete minus resorcinol (O). 


Was expressed as units per mg. of protein. The protein was determined 
by a microcolorimetric method (8). 

A manometric method for the determination of enzyme activity was 
also used. As Fig. 2 indicates, the rate of oxygen uptake was not linear 
with time; however, the amount of oxygen uptake during the Ist 5 minutes 
of enzymatic action in the presence of activators proved to be a satisfactory 
criterion of activity. This method was not as sensitive as the colorimetric 
procedure. 

Preparation of Enzyme—FEtiolated seedlings of Canada field peas were 
ground with an equal weight of 0.2 m phosphate buffer, pH 6.8. The 
supernatant solution obtained by centrifuging this extract for 10 minutes 
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at 3000 r.p.m. was designated as crude enzyme. The enzymatic activity 
was then precipitated at —2° by adjusting the alcohol content of the crude 
preparation to 25 per cent. After resuspension of this precipitate and 
dialysis, further impurities were removed by adding ammonium sulfate to 
70 per cent of saturation. The resulting supernatant solution was ex- 
haustively dialyzed against 0.02 m phosphate buffer, pH 6.8. This pro- 
cedure yielded an enzyme solution with a specific activity about 10 times 
that of the crude extract. 

Substrates—6-Nitropropionic acid was prepared from #-propiolactone 
and sodium nitrite (9) and nitrostyrene from benzaldehyde and nitro- 
methane (10). The 1,1-dinitropropane, 2 ,3-dimethyl-2 ,3-dinitrobutane, 
m-nitrophenyldinitromethane, and phenyldinitromethane were donated 
by Dr. L. B. Clapp. The nitrocyclohexane was obtained from E. I. 
du Pont de Nemours and Company, Inc., and the rest of the nitro com- 
pounds were Eastman Kodak products. The 2-nitropropane was redistilled 
and the fraction distilling at 120° was used. All substrates were prepared 
in 0.2 m phosphate buffer, pH 6.8. The solutions were allowed to stand 
at room temperature for 12 to 24 hours before use and, if stored, were 
kept at 5° for no longer than 3 days. 

Analysis of Reactants and Products—All manometric studies were per- 
formed in the Warburg respirometer at 30°. The reaction mixture, 2.5 
ml., contained, unless otherwise noted, the following components: 5 X 
10-* m MnSQ,, 1 X 10-? mM resorcinol, 4 X 10-? M 2-nitropropane, enzyme, 
and 0.16 m phosphate buffer, pH 6.8. 10 per cent NaOH was present in 
the center well unless otherwise stated. The substrate was added from 
the side arm at zero time. Negligible oxygen uptake occurred in the 
absence of enzyme. 

To determine the ratio of oxygen uptake to nitrite release as a conse- 
quence of enzymatic oxidation of 2-nitropropane, the oxygen uptake was 
first determined in the Warburg respirometer. A suitable aliquot was 
then removed from the reaction mixture and analyzed colorimetrically 
for nitrite (7). Recovery of known amounts of added nitrite from similar 
reaction mixtures was satisfactory under these conditions. 

Isolation of acetone was accomplished after a 30 minute incubation of 
100 ml. of an enzyme reaction mixture containing the same proportions of 
reactants employed in the manometric studies. This mixture was passed 
through a column of Amberlite IR-400 (OH-) to remove unchanged 
nitropropane and thus to insure that the acetone isolated was enzymatically 
formed. The effluent from this column was neutralized with phosphoric 
acid and distilled in vacuo into an acidic solution of 2 ,4-dinitropheny]l- 
hydrazine. Control mixtures in which 2-nitropropane had been incubated 
with boiled enzyme preparations and treated in the above fashion yielded 
no derivative. 
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Results 


General Properties of Enzyme—The enzyme lost little activity after 
storage at 5° for several weeks; neither did longer periods of storage at 
—5° cause appreciable loss of activity. Heating at 100° for 1 minute 
resulted in a complete loss of activity, which was partially regained upon 
further standing at 5°. 

The pH optimum of the enzyme in phosphate buffer was at 6.6 to 68 
as determined by the colorimetric method. The enzyme exhibited com- 
paratively slight activity at pH 5.5 and 7.5. Substrates used in these 
experiments were equilibrated for 16 hours with phosphate buffers of the 
appropriate pH before incubation with the enzyme. 

Activators—The activity of the crude enzyme, when assayed colori- 
metrically, was stimulated at least 3-fold by the addition of boiled crude 
enzyme. Both the crude enzyme and the partially purified enzyme were 
found to be markedly stimulated by the presence of manganous sulfate 
and certain phenols. Fig. 2 indicates the effect on oxygen uptake of 
omitting either resorcinol or manganese from the enzymatic reaction 
mixture. 

The specificity of the metal requirement was investigated by the colori- 
metric assay with a partially purified enzyme in the presence of 0.01 m 
resorcinol. Negligible nitrite was released enzymatically in the presence 
of the ions Fet++, Fet++, Cut+, Cot+, Mg++, MoO,++, Sn**+, and Zn*, 
while manganous sulfate greatly stimulated release of nitrite. Table | 
indicates the effect of the concentration of manganese sulfate on enzymatic 
activity as determined by the colorimetric procedure. Similar experi- 
ments in which the manometric assay was employed also showed that the 
maximal enzymatic activity required at least 1 X 10-4 M manganese ion. 

The effects of various phenols on the liberation of nitrite from nitro- 
propane by a partially purified enzyme were determined. For this, the 
colorimetric procedure was employed with 5 XK 10-4 Mm manganese sulfate 
in all tubes. Under these conditions, the following phenols at either 0.01 
m or 0.005 mM were approximately as effective as 0.01 M resorcinol: 0-, 
m-, and p-cresol, phenol, and tyrosine. With the same assay conditions, 
except that both manganese (5 X 1074 M) and resorcinol (0.01 mM) were 
present in all tubes, the following phenols at 1 K 107° M and 1 X 10° 
M were completely inhibitory: catechol, hydroquinone, pyrogallol, and 
phloroglucinol. 

As Table I indicates, the optimal concentration of resorcinol is 5 K 107 
M under the conditions employed for the colorimetric assay. The same 
concentration of resorcinol was also observed to be optimal when the 
manometric assay was utilized. 

Substrate Concentration—The optimal concentration of 2-nitropropane 
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was investigated by both the colorimetric and manometric methods. The 
manometric method indicated that maximal enzymatic activity occurred 
at a substrate concentration range of 0.04 to 0.06 m. Less than 10 per 
cent of maximal activity was obtained at 0.005 m nitropropane. Similar 
results were observed with the colorimetric assay. 

The treatment of 2-nitropropane before use as a substrate had a marked 
influence on the activity of the enzyme towards it. Equilibration of the 
0.2 m nitropropane substrate in a phosphate solution of pH 6.8 at room 
temperature for 5 hours greatly increased the rate at which the nitro- 


TABLE I 


Effect of Concentration of Activators on Enzymatic Liberation of 
Nitrite from 2-Nitropropane 


Concentration of activator 
Klett* 
Manganese sulfate Resorcinol 
M M 

1X 10-4 0 
1 x 10-4 1 x 10-4 3 
1 5 10-4 75 
1 xX 5 X 1073 185 
1 1 X 10°? 144 
5 X 10°’ 0 

6 xX 10-5 5 X 1073 89 
6 xX 10-4 5 X 180 
1 xX 10-3 5 X 10-3 112 


* The reaction mixture of 1.0 ml. contained the indicated concentrations of co- 
factors plus 0.6 ml. of crude enzyme (diluted 1:1500), and 0.2 ml. of 0.2 m 2-nitro- 
propane. 0.1 ml. of aliquot was removed after 5 minutes incubation and analyzed 
colorimetrically (7) for nitrite. 


propane was oxidized by the enzyme. Enzymatic activity towards 
0.01 M nitropropane was normally one-third to one-quarter that towards 


0.04 mM nitropropane. However, equilibration of 2-nitropropane at pH 
8.5 followed by neutralization and immediate use resulted in nearly as 


rapid an enzymatic oxidation at 0.01 M concentration of substrate as at 


0.04 m. 


Substrate Specificity—The substrate specificity of a 10-fold purified 
enzyme was tested by substituting various nitro compounds for 2-nitro- 
propane in the colorimetric procedure for determining activity. Com- 
pounds of sufficient solubility were employed at 0.04 m or 0.004 om final 
concentration or both. The remainder were tested at concentrations 
limited by their solubility in the 0.5 ml. of pH 6.8 m phosphate buffer 
which was added as substrate to the reaction mixture. 
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Of the compounds tested, the enzyme showed extensive activity only 
with 2-nitropropane. Nitroethane was oxidized to a very limited extent. 
The following aliphatic nitro compounds were not detectably acted upon 
by the enzyme: nitromethane, 1-nitropropane, 6-nitropropionic acid, 2- 
nitro-1-butanol, 6-nitrostyrene, 1 ,1-dinitropropane, m-nitrophenyldinitro- 
methane, phenyldinitromethane, and 2,3-dimethyl-2,3-dinitrobutane. 
The enzyme was likewise inactive towards nitrocyclohexane and the 
following aromatic nitro compounds: o- and p-nitrophenol, o- and p- 
nitrobenzoic acid, nitrobenzene, and p-nitrotoluene. 

Nature of Enzymatic Reaction—The ratio of moles of oxygen consumed 
per mole of nitrite released during enzymatic oxidation of 2-nitropropane 
was found to be 0.7 + 0.1 for twelve trials. 

As Fig. 2 indicates, the rate of oxygen uptake by flasks containing 100 
umoles of 2-nitropropane decreased rapidly after about 5 umoles of oxygen 
had been consumed. Addition of 2-nitropropane stimulated further 
oxygen uptake. 

22 mg. of a crude dinitrophenylhydrazone were recovered from 100 ml. 
of enzymatic reaction mixture. After several recrystallizations _ this 
product melted at 125.5°. A mixture with an authentic sample of the 
2 ,4-dinitrophenylhydrazone of acetone did not depress the melting point. 


DISCUSSION 


The reaction catalyzed by the enzyme may proceed according to the 
following equation: 


CH;CHCH; + O. + H.O — CH;COCH; + HNO, + H,O, 
NO, 
Evidence for the liberation of acetone and nitrite is rather conclusive; 
however, the observed ratio of 0.7 for moles of oxygen uptake to nitrite 
released prevents an absolute conclusion concerning the stoichiometry 
of the reaction. 

At limiting substrate concentrations, the effectiveness of 2-nitropropane 
as a substrate was increased by either its equilibration at pH 6.8 for some 
hours or by its previous treatment with alkali. These effects would be 
expected if the substrate were oxidized enzymatically only in its aci form. 

If such is the case, since only a limited amount (about 11.7 per cent (11) 
of the total nitropropane) of the aci-ion would be present at the pH 68, 
the observed consumption of about 5.0 wmoles of oxygen per 100 umoles of 
substrate is not unreasonable. 

Several factors indicate that the pea enzyme is not identical with an 
enzyme from Neurospora which also oxidizes nitro compounds (6). The 
pea enzyme, unlike the latter, does not oxidize nitroethane, 1-nitropropane, 
and 8-nitropropionic acid at a rate comparable to that for 2-nitropropane. 
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Also, unlike the Neurospora enzyme, the pea enzyme was stimulated by a 
boiled enzyme preparation. 

Some properties of the pea enzyme are similar to those described for 
certain peroxidase and indoleacetic acid oxidase systems. Phenolic com- 
pounds appear to exert similar effects on these systems. Comparable 
to the enzymatic oxidation of 2-nitropropane, the oxidation-of indoleacetic 
acid by purified horseradish peroxidase is stimulated by phenol and re- 
sorcinol (12). Both systems are inhibited by catechol, hydroquinone, 
and pyrogallol (12). Similar effects have been observed for the oxidation 
of B-(3-indolyl)propioniec acid (13) and manganese (14) catalyzed by horse- 
radish peroxidase. The oxidation of indoleacetic acid by extracts of 
peas (15) and wheat (16) and by a highly purified enzyme from lupine 
seedlings (17) is also stimulated by certain phenols. 

The stimulation by manganese of the enzymatic oxidation of 2-nitro- 
propane is also comparable to the stimulation reported for the action of 
horseradish peroxidase on indoleacetic acid (12), indolepropionic acid (13), 
and certain dicarboxylic acids (18). Manganese has been reported both to 
stimulate (19-21, 16, 17) and to inhibit (18, 22) the oxidation of indoleacetic 
acid by various plant extracts. This variability in the effect of manganese 
has been ascribed by Hillman and Galston (23) to the use by different 
workers of preparations containing different levels of endogenous phenolic 
cofactors. The stimulation by manganese observed in the present report 
was obtained with enzyme preparations which were either very greatly 
diluted or extensively dialyzed, and to which had been added an excess 
of resorcinol. 

Also suggestive that the pea enzyme system which oxidizes 2-nitro- 
propane is closely related to peroxidase and indoleacetic acid oxidase 
is the fact that a greatly purified enzyme preparation! which showed high 
oxidative activity towards pyrogallol and indoleacetic acid was also highly 
active towards 2-nitropropane. Furthermore, partially purified horse- 
radish peroxidase? rapidly caused the liberation of nitrite from 2-nitro- 
propane when substituted for the pea enzyme under the standard condi- 
tions of the colorimetric assay. 


SUMMARY 


1. An enzyme system from peas rapidly catalyzes the oxidation of 
2-nitropropane. Oxygen is consumed and nitrite and acetone are liberated 
during the reaction. 


' This enzyme, generously supplied by Dr. R. E. Stutz of the Argonne National 
Laboratory, was prepared from lupine seedlings (17) and showed only one major peak 
during electrophoresis on starch. 

? This enzyme, supplied by the Worthington Biochemical Corporation, had an ac- 
tivity of 40 units (24) per mg. of dry weight. 
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2. The partially purified enzyme is stimulated by manganous ion and 
some phenols. Certain other phenols are inhibitory. 

3. The similarities of this enzyme to some peroxidative systems from 
plants are discussed. 
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8-HYDROXY-7-METHYLGUANINE AS NORMAL HUMAN 
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In a previous report it was demonstrated that the free purine bases 
which normally occur in human urine include hypoxanthine, xanthine, 
7-methylguanine, adenine, guanine, 1-methylguanine, N?-methylguanine, 
and 1-methylhypoxanthine (1). Identification of these substances, else- 
where shown to be endogenously produced in man (2), was effected by 
comparison of their ultraviolet absorption and chromatographic behavior 
with those of synthetic specimens after isolation, in microgram quantities, 
from urine by ion exchange adsorption, silver precipitation, and chromatog- 
raphy. Additional compounds were found which did not correspond with 
any previously reported substances. The isolation of quantities sufficient 
for elementary analysis and degradative study was undertaken, and the 
present report describes the isolation, purification, and identification of 
two such unknowns.! 

One of these, 8-hydroxy-7-methylguanine, has been mentioned pre- 
viously (1, 2). Its identification, based upon the results of degradative 
studies summarized in a preliminary report (4) and amplified here, is 
confirmed by a comparison of the substance isolated from urine with a 
specimen since synthesized by others.” 


EXPERIMENTAL 


Methods and Materials—The paper chromatography and ion exchange 
chromatography as well as the other techniques used have for the most 


* This work was supported in part by a grant (No. A-162) from the National In- 
stitute of Arthritis and Metabolic Diseases, National Institutes of Health, and by a 
grant (No. DRG-373) from the Damon Runyon Memorial Fund for Cancer Research. 

' These are the substances designated as ‘‘spot V’’ (1) and ‘‘spot K”’ (3) in earlier 
publications, and here identified as 6-succinoaminopurine and 8-hydroxy-7-methy]- 
guanine, respectively. 

?I. J. Borowitz, S. M. Bloom, N. Hoffman, and D. B. Sprinson, to be published. 
We are greatly indebted to these authors for a generous specimen of 8-hydroxy-7- 
methylguanine hydrochloride, which they have synthesized by two unequivocal 
routes. | 
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part been referred to previously (1).2 The infrared absorption spectra 
were determined on solid specimens pressed into potassium bromide 
pellets (6) with a double beam spectrophotometer (Perkin-Elmer, model 
No. 21).4 Elementary analyses were performed by the Spang Microana- 
lytical Laboratory, Plymouth, Michigan. 

6-Succinoaminopurine was synthesized and isolated as its dipotassium 
salt dihydrate as described by Carter, and the yield, nitrogen analysis, and 
ultraviolet absorption of the product corresponded with those reported (7). 
A solution of the synthetic 8-hydroxy-7-methylguanine hydrochloride? in 
6 m hydrochloric acid deposited the free base upon dilution with water. 
This was used for measurements after being dried for 30 minutes at 100° 
in vacuo. <A synthetic specimen of 8-hydroxyguanine (8), kindly supplied 
by Dr. Aaron Bendich, was purified by precipitation from solution in con- 
centrated sulfuric acid on dilution with water, and from weak sodium 
hydroxide solution upon acidification. The sources of the other purine 
specimens used have been mentioned previously (1). 

Preparative Dowex 50 Column—A purine concentrate was prepared (1) 
from a pooled 3 week urine collection from two normal male subjects, who 
abstained from tea, coffee, chocolate, and cola drinks during the collection 
period. This concentrate was added to a column’ containing 3.20 liters 
(settled bed volume) of Dowex 50 X12 in the hydrogen form, 200 to 400 
mesh. The chromatogram was developed with 72 liters of dilute hydro- 
chloric acid, the concentration of which was varied linearly from 1.5 to 
5.1 mM. These proportions and concentrations, somewhat different from 
those used with the previously described analytical column (1), resolved 
three peaks (measured at 260 my) instead of one between hypoxanthine 
and 8-hydroxy-7-methylguanine (Table I). 

Purification and Identification of 6-Succinoaminopurine—The strong 
adsorption on Dowex 1 acetate at pH 4 of the unknown, spot V, in pre- 
liminary experiments suggested the presence of one or more carboxyl 
groups. Similarity of its ultraviolet absorption (1) to that recently re- 
ported for adenine-succinic acid (7, 9) indicated the possible identity of 
these two substances. 

A sample of spot V was obtained from Fraction E of the eluate from the 
preparative Dowex 50 column (Table I). After concentration of the 
fraction to dryness in vacuo, the residue was dissolved in water, freed from 


3 The authors are indebted to Dr. Mary E. Carsten for calling to their attention 
her publication on the desalting of urinary amino acids by adsorption on a cation 
exchange resin and elution with ammonia (5). Her report preceded the similar one 
by Boulanger and Biserte cited in an earlier article (1). 

‘The authors wish to express their thanks to Ir. Herbert Miller of the Kings- 
bridge Veterans Administration Hospital, Bronx, New York, for his generous help 
in securing the infrared data. 
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a small insoluble portion, adjusted to pH 8 with ammonia, and added to a 
20.0 ml. column (settled bed volume) of Dowex 1 X8 acetate, 200 to 400 
mesh. ‘The column was developed with 2.00 m acetic acid. Spot V was 
contained in the principal peak of this chromatogram, which occurred at 
a developer volume from 205 to 280 ml.5 This fraction was concentrated 
to dryness in vacuo to remove as much acetic acid as possible. A solution 
of the residue in water was adjusted to pH 10.6 with potassium hydroxide, 
concentrated in vacuo to a volume of 1 ml., and treated with 60 ml. of 
absolute alcohol. The resulting fine white precipitate was collected, 
washed with absolute alcohol and ether, and dried in vacuo at 25° over cal- 
cium chloride; weight 30 mg. The molar extinction coefficient (276 my, 
pH 2) for this preparation of spot V was 18.0 X 10*, in agreement with 


TABLE I 
Some Peaks of Preparative Dowex 50 Column 


Developer volume at 
Fraction Principal components 
Start Finish Peak 

l. l. l 

B 16.4 19.3 17.4 Hypoxanthine 

C 19.3 23.5 21.4 Spot Q, spot Z 

D 23.5 25.8 24.2 1-Methylhypoxanthine* 

k 25.8 28.7 26.3 6-Succinoaminopurine (spot V) 

F 33.8 39.9 34.3 8-Hydroxy-7-methylguanine (spot K) 


* This fraction also contained a considerable quantity of an ultraviolet-trans- 
parent substance, sparingly soluble in 6 mM hydrochloric acid. 


the value of 17.6 X 10° reported for the dipotassium salt dihydrate of 
§-succinoaminopurine (7). 


Calculated. N 19.22 
Found. ‘** 18.85 (Kjeldahl) 


The detailed data for the ultraviolet absorption of 6-succinoaminopurine 
from urine (spot V) and the specimen synthesized according to Carter were 
in agreement, as shown in Fig. 1. The two specimens migrated at the 


5 The first 35 ml. of acetic acid eluate contained the minor contaminant, shown 
by paper chromatography to be a mixture of at least two unknown compounds, pre- 
sumed to be purines. One of these had FR, values of 0.02 and 0.28 on Whatman No. 1 
paper chromatograms developed with butanol-ammonia and butanol-formic acid, 
respectively; it showed ultraviolet absorption maxima at 262 my at pH 2, and at 270 
mu at pH 9. The second substance had R» values of 0.20 in either of the solvents 
mentioned, and it had maximal ultraviolet absorption at 261 my at either pH 2 or 
pH 9. 
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same rate on paper chromatograms developed with butanol-ammonia or 
butanol-formic acid. When chromatographed on the analytical Dowex 
50 column of an earlier report (1), either the synthetic specimen or the 
substance from urine formed a peak at Tube 47. When 0.5 mg. of either 
specimen dissolved in 1 ml. of 2 M acetic acid was added toa column con- 
taining 20.0 ml. (bed volume, settled from water) of Dowex 1 X8 acetate, 
200 to 400 mesh, previously washed and developed with 2.00 M acetic 
acid, the synthetic compound formed a peak at a developer volume of 
266 ml., the substance from urine at 267 ml. The infrared absorption of 
the synthetic specimen of 6-succinoaminopurine and that of the specimen 
from urine were identical. The following strong and medium bands were 
distinguishable (microns): 2.9 to 4.0, 4.2,* 6.36, 7.14, 7.66, 7.92, 8.40,* 
8.74, 9.32, 9.56, 10.59, 11.12 to 11.48, 11.94, 12.46; the asterisks indicate 
shoulders. 

Purification and Characterization of 8-Hydroxy-7-methylguanine—Frac- 
tion F of the preparative column (Table I) was concentrated to near dry- 
ness in vacuo. The dark solid resulting from dilution of the residue with 
water was dissolved in 0.1 m sodium hydroxide (carbon). The solid ob- 
tained upon acidification was reprecipitated by dilution with 5 volumes of 
water of a solution in warm 6 m hydrochloric acid, giving 41 mg. of nearly 
pure needles. Residual tan color was removed by precipitation (pH 8.5) 
with ammonium chloride from sodium hydroxide solution. The product 
now contained ash, which was removed by one more precipitation from 
6 mM hydrochloric acid by dilution. Dried over sodium hydroxide at 25°, 
the resulting analytical sample of spot K lost no further weight at 100° 
im vacuo. 


CeH7N;O2. Calculated. C 39.8, H 3.90, N 38.7 
Found. ** 40.0, ** 3.89, “* 38.7 


The substance charred upon being heated without melting. It was 
almost insoluble in cold or hot water, 1 mM hydrochloric acid, or 1 M ammo- 
nium hydroxide. It was readily soluble in dilute sodium hydroxide or 
warm 6 M hydrochloric acid. The free base separated from this last sol- 
vent upon dilution with water. At pH 2, the molar extinction coefficients 
at the absorption maxima were 11.1 X 10* (248 my) and 9.7 X 10* (293.5 
my). 

The ultraviolet absorption of spot K from urine was noted to be similar 
to that reported for 8-hydroxyguanine (8), and a detailed comparison sup- 
ported this similarity, as seen in Fig. 2. Also, spectrophotometrically 
determined pK values were 0.1, 8.6, and 11.4 for spot K and 0.0, 8.7, and 
11.1 for 8-hydroxyguanine. From these similarities and from the analyti- 
cally determined empirical formula, the formulation of spot K as an 8- 
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hydroxy-z-methylguanine was suggested. Positions open for the methyl 
group included positions 1, 3, 7, 9, and the 2-amino group. 

Unsuccessful attempts to deaminate the unknown substance with nitrous 
acid, in the hope of producing a known methyluric acid, apparently re- 
sulted under the various conditions tried in complete destruction of the 
molecule. Attempts to produce appropriate reference compounds by the 
action of milk xanthine oxidase, used at high levels, on 1-methylguanine 
and on 7-methylguanine (as well as on guanine itself, used as a model) 


l — 


240 280 240. 280 “240 280 
WAVE. LENGTH, mu WAVE LENGTH, my 
Fig. 1 Fic. 2 


Fic. 1. Ultraviolet absorption of 6-succinoaminopurine from urine at pH 2.07 
(dashed line), pH 4.53 (dotted line), pH 7 (dashed-dotted line), and in 0.1 m sodium 
hydroxide (solid line); ultraviolet absorption of a synthetic sample of this substance 
at pH 2.07 (@), pH 4.53 (@), pH 7 (A), and in 0.1 m sodium hydroxide (x). 

Fic. 2. Ultraviolet absorption of 8-hydroxy-7-methylguanine from urine (left) 
and of synthetic 8-hydroxyguanine (right) in 6 m hydrochloric acid (dotted lines), 
at pH 2.07 (dashed lines), at pH 10.27 (dashed-dotted lines), and in 0.56 m sodium 
hydroxide (solid lines). The ultraviolet absorption of synthetic 8-hydroxy-7- 
methylguanine (left) is represented at these same pH values (@, @, A, X). 


gave no detectable reaction, in agreement with the subsequently published 
experiments of Wyngaarden (10). Xanthine oxidase acted upon N?- 
methylguanine, however, although at a rate some 200-fold slower than 
upon hypoxanthine. The enzymatic product, not completely charac- 
terized, appeared to be the expected 8-hydroxy-N?-methylguanine; its 
ultraviolet absorption was similar to that of 8-hydroxyguanine or spot K, 
and its mobility on paper chromatograms was similar to, but not identical 
with, that of spot K. 

Confirmation of the 8-hydroxy-z-methylguanine structure of spot K and 
the location of the methyl group resulted from oxidative and hydrolytic 
degradations. These were of necessity carried out on ultramicroscale, 
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with use of paper chromatography to characterize the products, and the 
techniques were tested with a number of model compounds (see below). 
An oxidation of the substance with chlorine water, followed by mild acid 


TABLE II 


Results of Vigorous Acid Hydrolysis and Chlorine Water 
Oxidation of Spot K and Model Purine Derivatives 


Acid hydrolysis Chlorine water 
Substance tested 
G Methyl 
Glycine Sarcosine) dine 
<. per cent per cent \per cent per cent 
8-Hydroxy-7-methylguanine (spot K)...... 180 50Tt 70 
8-Hydroxyguanine......................... 180 70§ 30 
180 60T 15 
7-Methyluric acid......................... 180 Trace 50t | 
1-Methylhypoxanthine.................... 180 70tt 
2-Methylhypoxanthine.................... 140 70 
7-Methylhypoxanthine.................... 180 60§ 
7-Methylxanthine......................... 180 60Tt 
1-Methylguanine.......................... 180 70§t 5 50 
N?-Methylguanine......................... 140 50 15 
7-Methyl-2,6-diaminopurine............... 140 30t 30 
2-Amino-8-hydroxypurine.................. 180 30tt 30 


* Approximate yields were estimated qualitatively as moles of product (per 
cent of theoretical) by comparison with marker spots. 

t The yield was appreciably less at 140°. 

t Additional spots of different Rr values, which stained with the spray reagents 
used, were observed. 

§ The yield was similar at 140°. 

|| This compound was not tested in the chlorine-water degradation. 


hydrolysis, was carried out. This oxidative procedure represents a modi- 
fication (11, 12) of the chloric acid oxidation of the older literature, which 
was shown to produce guanidine from guanine (13), 8-hydroxyguanine 
(14, 12), or 7-methylguanine (15), and to produce methylguanidine from 
1,7-dimethylguanine (15). The present model experiments (Table II) 
supplement these findings. To summarize the data, guanidine results 
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from 2-aminopurine derivatives not substituted on the amino group or 
on position 1 (or presumably on position 3). 2-Aminopurine derivatives 
bearing a methyl group in any of these positions give methylguanidine in 
this oxidation. From spot K, the oxidation gave guanidine, but no de- 
tectable methylguanidine. This was consistent with the 2-amino substi- 
tution proposed, and eliminated the methyl] group from all except positions 
7 and 9. 

An acid hydrolysis at elevated temperature was also tried. The condi- 
tions used have been reported to yield glycine from uric acid (16), adenine 
(17), hypoxanthine (17), guanine (18), xanthine (19), or 9-methyluric acid 
(20). Sarcosine is the product from 7-methyluric acid (21) or 7-methyl- 
xanthine (22). To summarize this information and that obtained from 
the present experiments with models (Table II), it would appear that the 
glycine produced by such a hydrolysis regularly represents positions 4, 5, 
and 7 of the original purine ring system. This result receives confirmation 
from isotopic experiments (23). Hydrolysis to sarcosine is thus indicative 
of a 7-methyl group, whereas isolation of glycine indicates absence of a 
substituent in position 7 (Table II). Vigorous acid hydrolysis of spot K 
gave sarcosine, fixing the methyl group in position 7. This structural 
assignment is also consistent with the finding of methylurea in the reaction 
mixture from spot K and chlorine water, especially since methylurea was 
reported to result from a similar oxidation of 7-methyluric acid (20). 

Comparison of 8-Hydroxy-7-methylguanine from Urine with Synthetic 
Specimen—The formulation of spot K as 8-hydroxy-7-methylguanine, so 
established, is fully confirmed by its comparison with the synthetic speci- 
men of this substance.? The agreement of the ultraviolet absorption of 
the two specimens is indicated in Fig. 2. The two specimens have identical 
mobility on paper chromatograms developed with butanol-ammonia and 
butanol-formic acid (1). The identity of the two specimens is further 
established by their identical absorption in the infrared region, where the 
following strong or medium absorption bands are distinguishable for either 
specimen (microns) : 2.98,* 3.1 to 3.9, 4.2,* 5.8 to 6.4, 6.56,* 6.85, 7.03, 7.22,* 
7.40, 8.54, 8.98, 9.18,* 12.1, 12.82, 13.16, 13.36, 13.66, 14.92; the asterisks 
indicate shoulders. 

Degradative M ethods—Solutions of 0.2 mg. of 8-hydroxy-7-methylguanine 
and each of the, model compounds in 0.5 ml. of 4 m hydrochloric acid were 
heated in sealed tubes for 18 hours at 140° or for 6 hours at 180°, cooled, 
and evaporated to dryness. Each residue was dissolved in 100 ul. of 0.1 
M sodium acetate, and 10 ul. were chromatographed on Whatman No. 1 
filter paper developed with n-butyl alcohol-acetic acid-water (4:1:1). 
Glycine (Ry 0.11) and sarcosine (Rr 0.20) were used as markers. One set 
of such papers was sprayed with ninhydrin. A second set was sprayed 
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with a freshly prepared 0.5 per cent solution of sodium 1 ,2-naphthoquinone 
sulfonate (24) in 0.2 m sodium hydroxide. These were dried for 2 minutes 
at 100° and then sprayed with a freshly prepared mixture of 5 per cent 
sodium hypochlorite (Chlorox, 1 volume) and 3 m hydrochloric acid (4 
volumes). Glycine spots were colored intensely yellow by the first spray 
reagent, changed to blue-green upon heating, and changed further to ma- 
genta upon treatment with the acid chlorine water. Sarcosine spots were 
colored salmon pink by the first reagent, were unchanged upon heating, 
and were bleached by the acid chlorine water. By using the Ry» values 
and the colors given by the spots as criteria for the identification of glycine 
and sarcosine, the vigorous acid hydrolysis of the purine derivatives tested 
as models gave the expected amino acids in all cases (Table II). 8-Hy- 
droxy-7-methylguanine as well as some of the other 7-methylpurine deriv- 
atives tested required a somewhat higher temperature for optimal results 
in this reaction than the others. 

In the oxidative degradation used, 0.2 mg. of spot K or model compound 
was stirred for 10 minutes at 25° with 1 ml. of saturated chlorine water. 
The resulting clear solution was repeatedly concentrated to dryness in 
vacuo after addition of water (rotary evaporator) in order to remove chlorine. 
A solution of the residue in 1 ml. of 0.1 m hydrochloric acid was heated for 
2 hours at 130° and evaporated to dryness. The residue was taken up in 
25 ul. of 0.1 mM sodium acetate solution for chromatography (5 ul.) on three 
sets of Whatman No. 1 papers, developed with n-butyl alcohol-1 m acetic 
acid (6:1). Guanidine (Ry 0.15) and methylguanidine (R, 0.21) were 
used as markers. One set of papers was subjected to the Weber test (25) 
by being sprayed with an aqueous solution containing 0.5 per cent each of 
potassium nitroprusside, potassium ferricyanide, and sodium hydroxide. 
This reagent gave a permanent magenta-pink spot with methylguanidine. 
Guanidine spots were initially colored salmon-pink but changed in the course 
of 5 minutes to gray or brown, depending on the concentration. Another 
set of papers was subjected to the Sakaguchi test (26), this giving no color 
with guanidine, and an intense pink color with methylguanidine. The 
third set of papers was subjected to the Sullivan test (27). In the modi- 
fication finally adopted, papers were sprayed with a fresh 0.2 per cent solu- 
tion of sodium 1,2-naphthoquinone-4-sulfonate in 0.5 per cent sodium 
hydroxide, dried for 5 minutes at 100°, and then sprayed with a freshly 
prepared mixture of equal volumes of 0.5 m sodium nitrite and 1.5 m hydro- 
chloric acid. Guanidine spots were colored faintly pink; no color was 
given by methylguanidine. Table II shows that the production of guani- 
dine and methylguanidine from the model compounds was as expected. 
The Weber test reagent revealed spots of various colors on the chromato 
grams of many of the reaction mixtures, having Rr values different from 
guanidine or methylguanidine. These were not identified. 
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When the chlorine water reaction mixture from spot K was chromato- 
graphed without previous acid hydrolysis, it was possible to detect with 
chlorine and starch-iodide (28) the presence of a spot having the same mo- 
bility as methylurea (R, 0.35 in the butyl alcohol-1 m acetic acid system; 
urea, Ry 0.19). The sensitivity of this reaction sequence was poor, and 
its technique was not perfected for the model compounds. 

The results for the model compounds with these degradative techniques 
have been described in some detail because of their potential usefulness 
for rapid structural diagnosis of small samples of unknown purine deriva- 
tives. It should be pointed out that the techniques also provide a rather 
sensitive method for detecting certain specific impurities. For example, 
the production of a little guanidine in addition to methylguanidine from 
1-methylguanidine reflects the previously noted presence in this specimen 
of a small amount of guanine. The nature of the impurity in the 7- 
methyluric acid specimen is not known. 


DISCUSSION 


6-Succinoaminopurine as its phosphoribosyl derivative, adenylosuccinic 
acid, has been isolated from yeast cells (29), from Escherichia coli (30), 
and from strains of Neurospora (9, 31). Adenylosuccinic acid is presumed 
to represent the immediate precursor of nucleic acid adenylic acid in these 
organisms as well as in rabbit bone marrow (32). The occurrence of the 
succinoaminopurine as a urinary constituent in man should accordingly 
be not altogether unexpected. This substance (earlier referred to as spot 
V) was shown to be excreted in amounts of approximately 1 mg. per day 
in the urine of normal adult human male subjects (2). The relatively 
harrow range in the amounts excreted by a group of normal individuals 
and a lack of dependence of excretion on diet indicated that the substance 
was endogenously produced in man. 

Since, in the organisms so far studied, adenylosuccinic acid is synthesized 
from inosinic acid, it may be presumed to be the primary metabolic product 
in humans as well. Occurrence of free succinoaminopurine in human urine 
apparently results from the presence, at the site of synthesis or elsewhere, 
of an enzyme or enzymes capable of splitting ribose phosphate from the 
adenylosuccinie acid; free succinoaminopurine thus liberated is eventually 
excreted in the urine.® If this is the true state of affairs, it would be rea- 


* Such an enzyme is apparently present in Neurospora, since mutants of this or- 
ganism are reported to accumulate both adenylosuccinic acid and 6-succinoamino- 
purine (9,31). While unlikely, it is conceivable that part of the adeninesuccinic acid 
isolated from urine was excreted by the kidney as adenylosuccinic acid, or possibly 
as a sulfated conjugate with peptide of this substance of a type recently reported to 
be present in salmon liver (33); 6-suecinoaminopurine might then have arisen from 
these substances by hydrolytic action of the Dowex 50-H*+ and hot 0.05 hydrochloric 
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sonable to expect that the amount of the substance excreted would parallel 
the rate of nucleic acid synthesis. Consistent with such a relationship is 
the finding that urinary excretion of succinoaminopurine is increased in 
polycythemia vera (34), a condition in which augmented synthesis of blood 
cell nucleic acid from nucleotide precursors is known to occur. 

8-Hydroxy-7-methylguanine is normally excreted in the urine to the 
extent of about 4 mg. per day (mean corrected value) (2). The possible 
significance of the occurrence of this substance in urine has not yet been 
clarified. From the present work and from results recently recorded else- 
where (10), it is clear that it probably does not arise in the body by action 
of xanthine oxidase on 7-methylguanine. This same transformation may 
possibly be catalyzed in man by a different enzyme system, perhaps the 
relatively non-specific system which appears to be active in aromatic 
hydroxylation reactions (35). Aside from the obvious structural similarity, 
the similar rate of incorporation of nitrogen from glycine into 7-methyl- 
guanine and 8-hydroxy-7-methylguanine (2) does indeed suggest a direct 
metabolic relationship between these two compounds. 

Indication exists, as mentioned, that urinary succinoaminopurine in 
man is derived from nucleotide precursors of nucleic acid adenine, and that 
its excretion level is related to the rate of synthesis of adenine nucleotides. 
It seems reasonable to suppose, on the other hand, that 8-hydroxy-7- 
methylguanine is ultimately derived from nucleotide precursors of nucleic 


acid guanine; the amounts of the substance excreted may also reflect in © 
part the rate of synthesis of these guanine precursors. In agreement with — 
such a view is the greatly increased excretion of 8-hydroxy-7-methylguanine ~ 


in polycythemia vera (34). 


These generalizations, if true, would lead to an interesting interpretation — 
of the data so far gathered on the excretion of the urinary purine bases in — 


gout. The available data (36) indicate a normal excretion of 8-hydroxy-7- 
methylguanine in interval gout and a large increase during the acute at- 


tack. On the other hand, the urinary output of succinoaminopurine is | 
larger than normal in the quiescent phase of the disease but declines during | 


the acute phase. To speculate, this suggests that in gout there may be an 


imbalance between the relative amounts produced of the guanine and | 


adenine precursors of nucleic acid. The precursors produced in excess 
because of this imbalance would be degraded and should eventually ap- 


acid used in the preparation of a purine concentrate from urine (1), or possibly by ac- 
tion of enzymes present in the urine. However, urany] acetate precipitation fails 
to demonstrate the presence in freshly collected urine of any appreciable quantities 
of purine nucleotides (unpublished observation). Moreover, the pertinent published 
data (29) suggest that, if present, adenylosuccinic acid (which would also be the 
primary product of hydrolysis of its labile peptide conjugate) would probably be hy- 
drolyzed only partially by the acid reagents used. 
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pear as uric acid, thus perhaps contributing to the overproduction of uric 
acid observed in some individuals with gout. 


SUMMARY 


Two previously unidentified urinary purine constituents were isolated 
and purified in bulk. One of these, normally excreted to the extent of 
about 1 mg. per day, was identified as 6-succinoaminopurine by comparison 
with a synthetic specimen. The structure of the other unknown substance, 
normally excreted to the extent of about 4 mg. per day, was established 
as 2-amino-6,8-dihydroxy-7-methylpurine (8-hydroxy-7-methylguanine) 
by analysis, by spectral analogies, and by the demonstration of guanidine, 
methylurea, and sarcosine as products of oxidation and hydrolysis. The 
structural assignment was confirmed by comparison of the natural product 
with a synthetic specimen. The techniques used in the ultramicroscale 
degradative experiments, as well as the results of their application to six- 
teen model purine derivatives, are described in detail. 

The amounts of 6-succinoaminopurine and 8-hydroxy-7-methylguanine 
excreted in the urine, in both normal and diseased states, may be related 
to the rate of synthesis of the precursors of nucleic acid adenine and gua- 
nine, respectively. | 
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TRYPSIN ACTIVATION OF A FERRICYANIDE-LINKED 
PYRUVIC ACID OXIDATION* 


By L. P. HAGERT 
(From the Converse Memorial Chemical Laboratory, Harvard University, 
Cambridge, Massachusetts) 
(Received for publication, June 6, 1957) 


Enzymatic experiments with cell-free extracts of an acetate-requiring 
mutant of Escherichia coli revealed that these extracts, in contrast to 
extracts of wild type F. coli (1), do not catalyze the DPN,! CoA-linked 
pyruvic acid oxidation according to Equation 1 

Mgt* 

TPP 
Lipoic acid 
acetyI—S—CoA + DPNH + Ht + CO, 


Pyruvic acid + DPN* + CoA-SH (1) 


However, when ferricyanide was substituted for DPN as the electron 
acceptor, the mutant extracts catalyzed a rapid oxidation of pyruvate 
according to Equation 2 

TPP 

Mgt* (2) 
acetate + 2Fe(CN).** + CO. + 2H* 


Pyruvic acid + 2Fe(CN),.*** + H2O 


Purification of the mutant extract revealed a multiple enzyme require- 
ment for this ferricyanide-linked reaction. By high speed centrifugation 
or ammonium sulfate fractionation, a particulate fraction was separated 
from the soluble proteins. When added to a purified soluble enzyme 
fraction, this fraction increased the rate of pyruvic acid oxidation 10- to 
20-fold. The requirement for the particulate fraction in the ferricyanide- 
linked reaction could be eliminated by preincubation of the soluble enzyme 
with trypsin in the presence of pyruvate and TPP. After controlled 
trypsin treatment, the soluble enzyme exhibited maximal activity in the 
ferricyanide reaction and was not further activated by the addition of 
the particulate fraction. 


*A report of this work was presented at the annual meeting of the American 
Society of Biological Chemists in Chicago, April, 1957. 

t Aided by grants from the National Science Foundation and the United States 
Public Health Service. 

' The abbreviations used in this paper are as follows: DPN and DPNH, the oxi- 
dized and reduced forms of diphosphopyridine nucleotide, respectively; CoA-SH, 
coenzyme A; TPP, thiamine pyrophosphate. 
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Methods and Materials 


Ferrocyanide was determined colorimetrically by a modification of the 
Park and Johnson method for reducing sugars (2). When possible, protein 
was estimated spectrophotometrically by the Warburg and Christian 
method (3). Before separation of the particulate fraction, protein was 
estimated by the trichloroacetic acid precipitation method (4). 

Trypsin, crude pancreatic lipase (steapsin), protamine sulfate, soy bean 
trypsin inhibitor, and TPP were commercial preparations obtained from 
the Nutritional Biochemicals Corporation. 

Potassium pyruvate was prepared according to the method of Korkes 
et al. (1). 


Enzyme Purification 


Assay for Enzyme Activity—The rate of CO, formation from pyruvate 
in the presence of ferricyanide as electron acceptor in a nitrogen atmosphere 
provided a suitable assay method for the enzyme system. The reaction 
was carried out in a standard Warburg apparatus at 30°. The main 
compartment contained 100 ywmoles of potassium phosphate buffer, pH 
6.0, 10 umoles of MgCle, 2 umoles of TPP, and 50 uwmoles of potassium 
pyruvate plus appropriate concentrations of the particulate and soluble 
fractions in a total volume of 0.9 ml. After flushing with N» and tem- 
perature equilibration, 0.1 ml. of 0.25 m K;Fe(CN). was tipped in from the 
side arm to initiate the reaction. 1 unit of enzyme activity was defined as 
the formation of 1 wmole of CO, per hour under these assay conditions. 
Specific activity is expressed in units per mg. of protein. 

Growth of Cells and Preparation of Extracts—The acetate-requiring 
mutant of FL. coli was obtained from Dr. Werner Maas. The mutant was 
grown under forced aeration on synthetic medium (5), supplemented with 
20 umoles of sodium acetate per ml. After being harvested in a Sharples 
centrifuge, the cell paste was stored in the deep freeze. 10 gm. portions of 
cell paste were suspended in 40 ml. of 0.02 m potassium phosphate buffer 
and subjected to sonic oscillation for 20 minutes in a 10 ke. Raytheon 
sonic oscillator. Cell debris was removed by centrifugation for 30 minutes 
at top speed in the SS-1 Servall centrifuge. The crude extracts obtained 
in this manner were pooled and stored at —20°. All subsequent fractiona- 
tion steps were carried out in the cold room (3-4°) or in an ice bath. 

Separation of Particulate Fraction—The particulate components of the 
crude extract could be removed by centrifugation at 144,000 X g in the 
Spinco preparative centrifuge, or by bringing the extract to 0.25 ammonium 
sulfate saturation by the addition of 14.4 gm. of solid ammonium sulfate 
per 100 ml. of extract. The latter method was preferred and was used 
routinely for the preparation of particles. After ammonium sulfate treat- 
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ment, the particles were collected by centrifugation at 12,000 * g for 
15 minutes, washed twice with 0.02 m potassium phosphate buffer, pH 
7.0, suspended in the same buffer (25 mg. of dry weight per ml.), and stored 
in the frozen state. 

Purification of Soluble Enzyme—The supernatant fluid from the 0.25 
saturated ammonium sulfate fraction was brought to 0.75 ammonium 
sulfate saturation by the addition of 34.4 gm. of solid ammonium sulfate 
per 100 ml. of supernatant fluid. The precipitate was removed by centri- 
fugation at 12,000 X g for 15 minutes and suspended in a volume of 0.02 
M potassium phosphate buffer, pH 7.0, equal to one-half the volume of 
the initial extract. 


TABLE I 
Purification of Soluble Fraction 
Units 
Fractions Volume Protein Yield 
Alone particles* 
ml. meg. per cent 
. 995 53,300 | 181,000 | 181,000 3.4 100 
(.25-0.75 saturation 
475 26 , 600 24,200 | 86,000 3.2 48 
Protamine supernatant. .... 785 11,300 12,010 | 97,400 8.6 54 
0.48-0.60 saturation 
48 3,670 2,300 | 60,800 | 16.6 33 
Heated fraction............ 40 1,800 1,950 | 51,000 | 28.4 28 


* Corrected for the slight activity of the particulate fraction by itself. 
‘ 


Protamine Sulfate PrecipitationThe 0.25 to 0.75 saturated ammonium 
sulfate fraction was adjusted to pH 6.0 by the addition of 1 N acetic acid. 
Nucleic acid and inactive protein were then precipitated by the addition 
of 0.3 volume of 2 per cent protamine sulfate, pH 5.0. The resulting mix- 
ture was dialyzed overnight against 10 volumes of 0.02 M potassium phos- 
phate buffer, pH 7.0. The protamine nucleate was then removed by 
centrifugation at 12,000 X g and discarded. The supernatant fluid at 
this point was practically inactive by itself but, when combined with the 
particulate fraction, yielded 54 per cent of the activity of the crude extract. 

Second Ammonium Sulfate Precipitation—The supernatant fluid from 
protamine treatment was brought to 0.36 saturation by the addition of 
saturated (NH,4)2SO, solution and, after being stirred for 15 minutes, 
the precipitate was removed by centrifugation and discarded. In a like 
manner, the supernatant solution was brought to 0.48 ammonium sulfate 
saturation and the precipitate, which contained large amounts of lipoic 
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transacetylase (5), was saved. The soluble enzyme active in the fer- 
ricyanide reaction was then precipitated by adjusting the ammonium sulfate 
concentration to 0.60 saturation. The precipitate was collected as before 
and suspended in 0.05 the volume of the initial extract. When assayed 
in the presence of the particulate fraction, this fraction contained 33 per 
cent of the activity of the crude extract. Its specific activity could be 
doubled by heating it at 60° for 5 minutes. Repeated freezing and thaw- 
ing of the soluble enzyme solution led to partial loss of activity. How- 
ever, in the frozen state the soluble enzyme appeared stable for extended 
periods of time. The results of a typical purification of the soluble enzyme 
are recorded in Table I. 


Results 


Enzyme Requirements for Ferricyanide-Linked Pyruvate Oxidation—Both 
the particulate and the soluble fractions are required for the ferricyanide- 
linked oxidative decarboxylation of pyruvate. Both fractions could be 
assayed in the ferricyanide system since, in the presence of an excess of one 
fraction, the other became rate-limiting. This is shown in Fig. 1. Curve 
1 records the rate of CO, evolution in the ferricyanide assay as a function 
of the concentration of the particulate fraction in the presence of a constant 
amount of the soluble fraction. Curve 2 gives the same data as a function 
of the concentration of soluble fraction in the presence of an excess of the 
particulate fraction. The slight activity shown by each fraction alone 
probably represents incomplete separation of the two fractions, since 
increasing purification has uniformly given greater stimulation upon 
recombination. 

The TPP requirement for the ferricyanide-linked pyruvic acid oxidation 
is shown in Fig. 2. No special procedures were required to remove TPP 
from the protein of the crude extract; in fact, crude cell extracts were 
approximately 90 per cent resolved with respect to TPP. The Michaelis- 
Menten constant for TPP calculated from the data in Fig. 2 was 1 X 10~°. 
The saturation levels for pyruvate in the ferricyanide assay also are re- 
corded in Fig. 2. The K,, for pyruvate in this reaction is 1 K 10-? M. 

Activation of Soluble Enzyme by Trypsin—During attempts to dissolve 
the particulate fraction with crude pancreatic lipase preparations, control 
experiments revealed that the lipase preparation itself was capable of 
replacing the particles in the ferricyanide assay reaction. Table II shows 
a comparison of the activity of pancreatic lipase and particles for activation 
of the soluble enzyme. It may be noted that crude pancreatic lipase 
was inactive by itself (Line 4), but, when combined with the soluble £. 
coli fraction, it increased the activity of the soluble fraction to approxi- 
mately the same extent as did the addition of an excess of the particulate 
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| fraction (compare Lines 5 and 3). The clue to the identity of the active 
. component in the crude lipase preparation came from inhibitor studies. 
. Crystalline soy bean trypsin inhibitor decreased the activation of the 
d 
T 15+ | 
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ie = 
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2 | a 
= 6 S 5+ 
h 2 = 
| 2 
Sa 
oO 
w 1.0 2.0 3.0 4.0 
ye TPP x 10°° 
l L lL j 
- 2 0 0.1 0.2 0 2 3 4 5 
nt [| ML. PARTICLE OR SOLUBLE FRACTION . PYRUVATE x 10° 
Fic. 1 Fic. 2 
he Fic. 1. Rate of ferricyanide-linked pyruvate oxidation as a function of the con- 
1€ centration of the particulate and soluble fractions. The additions to the Warburg 
ce vessels were the same as those listed in the text under ‘‘Enzyme purification.”’ For 
mn these curves the particulate fraction was diluted in 0.02 m potassium phosphate 
buffer, pH 7.0, to a final concentration of 0.9 mg. of dry weight per ml. The soluble 
fraction was diluted in the same buffer to a final concentration of 1.4 mg. of protein 
on per ml. The effect of varying amounts of the particulate fraction (Curve 1) was 
»P measured in the presence of 0.2 ml. of the diluted soluble fraction. The effect of 
re varying amounts of the soluble enzyme (Curve 2) was measured in the presence of 
is- 0.2 ml. of the diluted particulate fraction. 
6 Fic. 2. Saturation levels for TPP and pyruvate in the ferricyanide-linked pyru- 
j vate oxidation. Each reaction vessel contained the indicated amounts of pyruvate 
re and TPP plus the other components of the assay medium as given in the text. The 
M. pyruvate saturation curve (©) was obtained with 126 y of the soluble enzyme plus 
ve 2mg. of the particulate fraction. The TPP saturation curve (@) was obtained with 
rol 10 mg. of the crude £. coli extract. 
of . . 
ws | Soluble enzyme by the lipase preparation approximately 80 per cent (Line 
on 6, Table II). Subsequently, crystalline trypsin was tested for its ability 
ise | toactivate the soluble enzyme. Lines 7 and 8, Table II, record the ability 
E. | of trypsin to catalyze the activation of the soluble enzyme. 
xi- The above experiments were carried out under the regular assay condi- 
ite | tions for the particulate and soluble fractions in which trypsin was in 
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contact with the soluble enzyme plus the other components of the assay 
reaction, except ferricyanide, during temperature equilibration in the 
Warburg bath. Attempts to simplify this procedure by incubation of 
the soluble fraction with trypsin in the presence of buffer alone led to in- 
activation rather than activation of the soluble enzyme. By stepwise 
omission of the reaction components of the complete system, it was shown 
that the presence of both TPP and pyruvate was required for trypsin 
activation. 


TABLE II 
Replacement of Particulate Fraction by Trypsin 
The complete system contained 100 wmoles of potassium phosphate buffer, pH 
6.0, 10 umoles of MgCl., 2 umoles of TPP, 50 wmoles of pyruvate, 25 wmoles of potas- 
sium ferricyanide, plus the additions indicated below in a total volume of 1.0 ml. 
Incubated at 30° under nitrogen. 


Products formed per 30 min. 
Line No. Additions wet 
CO: | ACO: 
Y pmoles | umoles 
1 Soluble fraction 350 0.23 0.2 
2 Particulate fraction 450 0.92 0.9 
3 Lines 1 + 2 7.4 7.7 6.6 
4 Crude pancreatic lipase 40 0 0 
5 Lines 1 + 4 7.2 7.4 7.2 
6 Line 5 + trypsin inhibitor 1.4 1.3 1.1 
7 Crystalline trypsin 10 0 0 
8 Lines 1 + 7 7.0 6.7 6.5 


TPP Requirement for Trypsin Activation—The requirement for TPP 
and pyruvate in the trypsin activation reaction could be effectively studied 
by separating the activation reaction from the actual ferricyanide assay. 
This was achieved by incubation of the soluble enzyme plus other addi- 
tions with trypsin for varying periods of time and subsequent inactivation 
of trypsin by the addition of an excess of trypsin inhibitor and determina- 
tion of the activity of aliquots of the trypsin incubation mixture in the 
ferricyanide assay. The ferricyanide assay system always contained 
optimal amounts of pyruvate and TPP so that the activity of the soluble 
enzyme, as determined in this assay, reflected the extent of trypsin activa- 
tion and not a deficiency in the assay medium. 

Fig. 3, Curve A, shows the time curve for the trypsin activation reaction 
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in the presence of both TPP and pyruvate. The increase in specific 
activity of the enzyme (units per mg.) is plotted as a function of time. It 
will be noted that under these conditions the specific activity of the soluble 
enzyme increased rapidly and reached a maximum in 10 to 15 minutes. 
If TPP was omitted from the trypsin incubation reaction mixture, no 
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4; CURVE B 


TPP 
O o pune 
iO 20 30 40 150 
MINUTES 


SPECIFIC ACTIVITY OF SOLUBLE ENZYME 


Fic. 3. The activation of the soluble fraction by trypsin. The complete incuba- 
tion mixture (Curve A) contained 1000 umoles of potassium phosphate buffer, pH 6.0, 
100 umoles of MgCl., 2 umoles of TPP, 500 umoles of potassium pyruvate, 3.5 mg. of 
the soluble fraction, and 0.1 mg. of trypsin in a total volume of 6 ml. The points on 
the curve were obtained by transferring 0.6 ml. aliquots of the reaction mixture to 
the main compartment of a Warburg vessel which contained 0.5 mg. of trypsin in- 
hibitor in the main compartment and 0.1 ml. of 0.25 mM potassium ferricyanide in the 
side arm. The total volume was adjusted to 1 ml., and the flasks were sealed to the 
manometers and flushed with nitrogen. After temperature equilibration in the 
Warburg bath, the ferricyanide was tipped into the main compartment of the War- 
burg vessel and the activity of the soluble enzyme was measured. Prior to the 
addition of 2 umoles of TPP to the trypsin incubation mixture (arrow, Curve B), the 
ferricyanide assay vessels were supplemented with 0.2 umole of TPP after the sample 
was mixed with trypsin inhibitor. 


activation of the soluble enzyme took place (Curve B, Fig. 3). It should 
again be emphasized that the TPP requirement for the trypsin activation is 
distinct from the TPP requirement for the actual ferricyanide-linked 
oxidative decarboxylation of pyruvate. Furthermore, it will be noted 
in Fig. 3, Curve B, that addition of TPP (arrow) after brief exposure to 
trypsin does not lead to activation of the enzyme. 

Substitution of the particulate fraction for trypsin in this activation 
reaction and removal of particles by centrifugation at 25,000 X g for 
30 minutes prior to ferricyanide assay did not lead to activation of the 
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soluble enzyme. Mixing the removed particles with the soluble enzyme 
and subsequent assay in the presence of ferricyanide gave normal stimula- 
tion comparable to the data recorded in Table II. These results indicate 
that neither the soluble nor particulate fraction was inactivated by the 
incubation, and that the particle stimulation of the soluble fraction could 
be obtained only in the presence of the electron acceptor. 

The effect of varying levels of TPP during trypsin activation is shown in 
Fig. 4. Relatively small amounts of TPP (1 XK 10-5 m) are required to 


T 
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Fic. 4. The effect of TPP concentration on trypsin activation. The additions to 
the trypsin incubation mixture were the same as those described in Fig. 3, except for 
the variation in concentration of TPP. The soluble enzyme was exposed to trypsin 
for 20 minutes and then trypsin inhibitor (5-fold excess) was added to inactivate 
trypsin. Upon the inactivation of trypsin, the ferricyanide assay medium was sup- 
plemented with TPP to a final concentration of 0.002 M in all cases. 


SPECIFIC ACTIVITY OF SOLUBLE ENZYME 


allow full activation of the enzyme; half maximal activation required 3.5 
x 10-*m TPP. This corresponds approximately to the K,, for TPP in 
the particle-linked ferricyanide assay which is 1 X 10-5 m (compare Fig. 2). 

Pyruvate Requirement for Trypsin Activation—Pyruvate is also essential 
for the maximal rate of trypsin activation. Fig. 5 records the activation 
of the soluble enzyme in the presence and absence of pyruvate. The 
soluble enzyme, trypsin, phosphate buffer, MgCl, and TPP are present 
at zero time. The arrows indicate the addition of 50 wmoles of pyruvate 
to the reaction mixture. As indicated by Curve A, there is a slow but 
measurable activation of the soluble enzyme in the absence of pyruvate. 
The addition of pyruvate at the points indicated increased the rate of 
activation approximately 200-fold (Curves B, C, D, E). The soluble 
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PYRUVATE 


l l l l 
20 40 60 80 100 120 140 160 
MINUTES 

Fic. 5. The effect of pyruvate on the rate of trypsin activation. The incubation 

conditions for Curve A are the same as those described in Fig. 3, with the exception 

that pyruvate was omitted. The arrow points (Curves B to E) indicate the addition 

of 50 umoles of pyruvate to the otherwise complete system. After inactivation of 

trypsin with trypsin inhibitor, the pyruvate concentration was adjusted to 0.05 m 
for the ferricyanide assay. 
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Fic. 6. The effect of pyruvate concentration on the rate of trypsin activation. 
The trypsin incubation reaction mixtures (A) contained the additions indicated in 
Fig. 3 modified by the indicated amounts of pyruvate in a total volume of 6ml. The 
final concentration of pyruvate in the ferricyanide assay was adjusted to 0.05 m in 
alleases. In B, the rate of activation is defined as the increase in the specific activity 
of the soluble fraction per hour as calculated from the initial slopes of the family of 
curves in A. 
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enzyme is stable to exposure to trypsin in the absence of pyruvate for long 
periods of time, in contrast to the rapid inactivation in the absence of TPP. 
Comparison of Curves B and D shows that the addition of pyruvate either 
at zero time or after 60 minutes exposure to trypsin does not markedly 
affect the rate or extent of activation. The relationship between pyruvate 
concentration and rate of activation is shown in Fig. 6. Here, the increase 
in specific activity of the soluble protein is plotted against time at dif- 
ferent concentrations of pyruvate. The slope of the resulting curves may 
be defined as the rate of activation of the soluble enzyme. When the 
rate of activation is plotted as a function of pyruvate concentration, a 
typical saturation curve for pyruvate is obtained, as shown in Fig. 6, B. 
Half maximal saturation for pyruvic acid is obtained at 1 X 10°. 


DISCUSSION 


Ferricyanide, as an electron acceptor in a-keto acid oxidation reactions, 
has had extensive use since first introduced by Stumpf et al. (6). The 
pyruvate and a-ketoglutarate dehydrogenase systems of animal tissue 
were purified with use of the ferricyanide-linked reaction as an assay system 
(7, 8). Subsequently, it was shown that DPN served as the electron 
acceptor for both of these enzyme systems in the presence of CoA as acy! 
acceptor (9, 10) in agreement with the findings of Korkes et al. (11) and 
Kaufman (12). In addition, it has been shown that F. coli fraction A, 
a required component of the DPN, CoA-linked pyruvate oxidation reac- 
tion, catalyzes a ferricyanide-linked oxidation of pyruvate (13). It has 
been postulated that ferricyanide functions in these oxidative decarboxyla- 
tion reactions (14-16) at the aldehyde-TPP step. 

The requirement for both a soluble and a particulate fraction for the 
ferricyanide-linked reaction reported in this paper bears a striking re- 
semblance to the pyruvate oxidation system in Proteus vulgaris studied 
extensively by Moyed and O’Kane (17, 18). These workers reported 
the requirement for both a soluble and a particulate fraction in the oxida- 
tion of pyruvate to acetate and CO, when oxygen serves as the terminal 
oxidant. The particulate fraction was identified as an autoxidizable 
cytochrome system and was presumed to serve as an electron transport 
agent to oxygen. These workers observed that the soluble enzyme of 
P. vulgaris catalyzed a ferricyanide-linked pyruvate oxidation which was 
stimulated 50-fold by the addition of the cytochrome-containing particulate 
fraction. The pyruvate oxidase of Lactobacillus delbrueckii requires FAD 
to connect to ferricyanide (19). By analogy, ferricyanide probably acts 
in the particle-stimulated ferricyanide reaction on a flavoprotein or cyto- 
chrome component of the electron transport system rather than at the 
previously discussed aldehyde-TPP stage. 
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Razzell and Gunsalus (20) reported that wild type EF. coli (Crookes’ 
strain) also contains the Proteus type enzymes. Therefore, it is reasonable 
to assume that the ferricyanide-linked pyruvate oxidation reaction ob- 
served in the EF. coli mutant extract is catalyzed by this type of enzyme 

m. 

To the best of our knowledge, the replacement of the requirement for the 
particulate fraction by incubation of the soluble enzyme with trypsin 
represents a unique situation with oxidative enzymes. In this case, 
an enzyme which in its native state requires an auxiliary electron coupling 
system to electron acceptor gains the ability to function independently 
of the coupling system after being subjected to the action of trypsin. By 
comparing the activation of the soluble enzyme by the particles with that 
by trypsin, it can be seen that they proceed by quite different mechanisms. 
Incubation of the particles with the soluble enzyme in the absence of 
electron acceptor, followed by removal of particles by high speed centri- 
fugation and subsequent assay of the soluble fraction, revealed that no 
activation took place. Restoration of the particulate fraction in the 
presence of electron acceptor gave full activation. On the other hand, 
incubation of the soluble fraction with trypsin in the absence of electron 
acceptor, followed by inactivation of trypsin with trypsin inhibitor, gives 
maximal enzyme activity when assayed in the presence of ferricyanide. 
The particulate fraction does not, therefore, alter the soluble enzyme but 
rather serves as a coupling agent to the electron acceptor. Incubation 
of the soluble enzyme with trypsin produces an altered protein which 
no longer requires a coupling mechanism to the electron acceptor. 

The function of TPP in the trypsin activation reaction would appear 
to be of a protective nature. The hypothesis that TPP combines with 
the enzyme and protects the active site from hydrolysis is supported by 
two experimental findings. First, the concentration of TPP required in 
the trypsin reaction approximates the K,, for TPP in the ferricyanide 
reaction. Secondly, in the absence of TPP the soluble enzyme is destroyed 
by trypsin. | 

In contrast to the protective role played by TPP, the function of pyruvate 
in the trypsin activation reaction definitely is not of a protective nature. 
The soluble fraction may be exposed to trypsin in the absence of pyruvate 
(but in the presence of TPP) for extended periods of time without loss of 
the ability to become activated. In fact, under these conditions, a slow 
but measurable activation of the soluble enzyme occurs. However, the 
addition of pyruvate increases the rate of activation approximately 200- 
fold. Since the concentration of pyruvate for half maximal activity in 
the trypsin activation reaction approximates the K,, for pyruvate, as 
measured in the particle-linked reaction, it would appear that, as with 
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TPP, combination of the substrate with the enzyme is an important factor 
in the activation process. A possible explanation for the pyruvate effect 
would be that combination of the enzyme with substrate labilizes a specific 
bond for trypsin hydrolysis and allows rapid activation to occur. This 
hypothesis, however, cannot be tested experimentally at this time. Experi- 
ments are in progress to test other particle-linked dehydrogenases to see 
whether trypsin activation may be a general phenomenon in this series. 


SUMMARY 


Crude extracts of an acetate-requiring mutant of Escherichia coli catalyze 
the oxidative decarboxylation of pyruvate to acetate and CO, in the pres- 
ence of ferricyanide as electron acceptor. The ferricyanide-linked oxidation 
has a multiple enzyme requirement; purification of the extracts yields a 
soluble and particulate fraction, both of which are required for activity. 

Incubation of the soluble enzyme with trypsin leads to activation of the 
soluble enzyme so that it no longer requires the particulate fraction for the 
ferricyanide-linked reaction. Thiamine pyrophosphate and pyruvate are 
required for the trypsin activation reaction. Thiamine pyrophosphate 
apparently protects the soluble enzyme from inactivation in the presence 
of trypsin while pyruvate greatly accelerates the rate of trypsin activation. 

The experimental results support the hypothesis that the particulate 
fraction functions as an electron carrier to ferricyanide while the trypsin- 
activated enzyme acquires the ability to react directly with ferricyanide. 


The author wishes to acknowledge the skilful technical assistance of 
Mrs. Caryl Carter and Mrs. Caroline Fenn. 
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As reported recently, the efficiency of the phosphorylation associated 
with the oxidation of reduced triphosphopyridine nucleotide (TPNH) is 
less than for the oxidation of reduced diphosphopyridine nucleotide 
(DPNH) (1-4). In our previous experiments, mitochondria which had 
been treated by water were able to oxidize DPNH or TPNH generated 
from DPN or TPN in the presence of isocitrate and DPN- or TPN-linked 
isocitric dehydrogenase. The phosphorylation quotients (P:O) were 
found to be 2.68 for DPNH and 1.56 for TPNH in the presence of fluoride. 
The value determined for TPNH may have been erroneously high, how- 
ever, since further oxidation of a-ketoglutarate is not completely inhibited 
by fluoride (5) and transhydrogenase can transfer electrons from TPNH to 
DPN (6). 

In order to determine more accurately the efficiency of phosphorylation 
coupled with the oxidation of TPNH via the TPNH cytochrome c reductase 
system, additional experiments have been carried out. The P:O ratios 
for the oxidation of ‘‘exogenous” and ‘‘endogenous” DPNH and TPNH 
have been determined under a variety of conditions. The results obtained 
suggest that the phosphorylation quotient associated with the oxidation of 
TPNH via the TPNH cytochrome c reductase has a maximal value of 1. 


Materials and Methods 


Preparation of Mitochondria—Mitochondria from liver or kidneys of 
150 to 200 gm. Wistar rats were prepared in 0.25 m sucrose according to 
Schneider and Hogeboom (7). Mitochondria from rat brain were sedi- 
mented in 0.25 m sucrose by centrifuging between 1500 X g and 12,000 X g 
according to Brody and Bain (8). They were finally resuspended either 
in 0.9 per cent KCl solution or in distilled water. 

Materials—Adenosine 5-mono- (AMP), adenosine diphosphate (ADP), 
adenosine triphosphate (ATP), and hexokinase were obtained from the 
Pabst Laboratories, diphosphopyridine nucleotide (DPN), triphosphopyr- 
idine nucleotide (TPN), and cytochrome c from the Sigma Chemical 


* Present address, Department of Physiological Chemistry, University of Cali- 
fornia Medical Center, Los Angeles 24, California. 
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Company, and glucose 6-phosphate and glucose-6-phosphate dehydrogenase 
of yeast from the Mann Research Laboratories. 

TPN isocitric dehydrogenase (9) and aconitase (10) were prepared 
from pig heart (aconitase was purified to the stage of the first (NH4)2SO, 
fractionation). Dialyzed extract of Leuconostoc mesenteroides was used 
as a source of crude ethanol dehydrogenase (11). 

In experiments on the oxidation of isocitrate, a mixture of the three 
tricarboxylic acids (citric 89.5 per cent, cis-aconitic 4.2 per cent, d-isocitric 
6.3 per cent (12)) was used. This mixture was obtained by incubation of 
sodium citrate with aconitase. Small amounts of a-ketoglutarate due to 
the presence of isocitric dehydrogenase in aconitase preparations were 
eliminated by the preparation of the phenylhydrazone; the a-ketoglutaric 
acid phenylhydrazone was extracted by several washings with ethyl acetate 
and the residual organic solvent removed from the aqueous solution in 
vacuo. 

Enzymic Estimations—The measurements were made at 23° with a 
Beckman spectrophotometer (model DU). In order to test TPNH cyto- 
chrome c reductase activity in mitochondria with a minimal error of over- 
estimation, the following procedure has been adopted. Mitochondria were 
pretreated by suspension in distilled H.O for 30 minutes at 25° (2). This 
treatment results in the removal of endogenous DPN and suppresses the 
oxidation of TPNH via transhydrogenase without appreciably altering the 
activities of the transhydrogenase and the cytochrome c reductase. Since 
greater reproducibility was obtained when digitonin was added to the 
mitochondria suspensions, 3.3 mg. of digitonin per mg. of mitochondrial 
nitrogen were used routinely. Digitonin treatment abolishes the mito- 
chondrial permeability barrier and can also unmask cytochrome c reductase 
activity (13, 14). For convenience mitochondria were treated in the 
same manner when transhydrogenase and DPNH cytochrome c reductase 
were assayed. For the estimation of TPN isocitric dehydrogenase activity, 
mitochondria were lysed by digitonin without any pretreatment by water. 
Transhydrogenase was estimated according to Colowick et al. (15) with 
0.05 m tris(hydroxymethyl)aminomethane (Tris) buffer, pH 7.4, and 
5 X 10-*m MnCh, TPNH cytochrome c reductase in the presence of 0.05 
M Tris buffer, pH 7.4, according to Haas et al. (16), and DPNH cytochrome 
c reductase by the method of Edelhoch et al. (17), modified by Mahler 
et al. (18). TPNH was obtained by a modification of the method of Evans 
and Nason (19), except that the reduction was carried out in the presence 
of 0.05 m Tris buffer, pH 7.4, and 5 K 10-*m MnChk. DPNH was pre- 
pared by the method of Slater (20). 

TPN isocitric dehydrogenase was estimated by the method of Grafflin 
and Ochoa (9), and alcohol dehydrogenase of L. mesenteroides, according 
to DeMoss (11). 
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Determination of Phosphorylation Quotient (P:O Ratio)—Mitochondria 
were incubated in Warburg vessels at 25° in the presence of an oxidizable 
substrate and activators of phosphorylation (details are given in Tables II, 
IV, VI). The center well contained 0.2 ml. of 2 N KOH and filter paper. 
The vessels were gassed with O2 as described by Whittam e¢ al. (21). Oxz 
uptake was recorded after an equilibration time of 8 minutes. In all cases 
the rate of O2 uptake remained constant during the incubation period and 
it was therefore possible to extrapolate to zero time. After incubation the 
vessels were placed in a dish of ice water and the enzymic reactions stopped 
by the immediate addition of 0.5 ml. of 30 per cent (w/v) trichloroacetic 
acid. After centrifugation, the trichloroacetic acid extracts were used for 
determination of phosphorus compounds and for other chemical estimation. 

For glucose 6-phosphate determination, an extra vessel was added 
which contained, in addition to incubation medium and mitochondria, 5 X 
10-* m cyanide. Any glucose 6-phosphate formed in this last flask was 
due to myokinase activity and served asa blank. Glucose 6-phosphate was 
estimated according to Kornberg (22) on an aliquot of the supernatant 
fluid obtained after adding HCl to 0.3m. After centrifugation, the super- 
natant fluid was neutralized and centrifuged again to remove denatured 
protein. The use of trichloroacetic acid was avoided because it was noted 
that this compound inhibited the glucose-6-phosphate dehydrogenase 
used in the assay. Inorganic phosphate was separated by paper chroma- 
tography with the formic acid-isopropyl ether solvent of Hanes and 
Isherwood (23). After wet ashing of the chromatogram spots, the phos- 
phorus was estimated according to Berenblum and Chain (24) and Bartley 
(25). 

Other Chemical Estimations—lIsocitrate was determined spectrophoto- 
metrically with TPN isocitric dehydrogenase (Graffin and Ochoa (9)). 
The molecular extinction coefficient given by Horecker and Kornberg 
(26) was used to calculate the amount of isocitrate. 

Identification and estimation of a-ketoglutarate were carried out ac- 
cording to El Hawary and Thompson (27). Nez was determined after 
micro-Kjeldahl digestion by ammonia distillation in a Parnas-Wagner 
apparatus. 


Results 


Transhydrogenase and Cytochrome c Reductases in Rat 
Mitochondria from Liver, Kidneys, and Brain 


In mitochondria, electron transfer from TPNH to cytochrome c is 
catalyzed either directly by TPNH cytochrome c reductase or indirectly 
by transhydrogenase and DPNH cytochrome c reductase. So, the impor- 
tance of electron transfer from TPNH to cytochrome c via TPNH cyto- 
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chrome c reductase is dependent upon the activities of the three enzymes. 
Though the enzymic activities measured in lysed mitochondrial prepara- 
tions (see ‘‘Materials and methods’’) may not have strictly the same value 
as for native particles, it is, however, convenient to refer to these data in 
attempting to assess the importance of the different pathways of electron 
transfer in native mitochondria during oxidative phosphorylation. The 
specific activities, defined in Table I, of transhydrogenase and cytochrome 
c reductase in rat liver, kidney, and brain mitochondria have been deter- 
mined. The activity of TPNH cytochrome c reductase did not vary 
greatly in mitochondria from these sources and, similarly, the activity of 
DPNH cytochrome c reductase was approximately the same in liver, 


TABLE I 


Specific Activity* of Transhydrogenase, TPNH Cytochrome c Reductase, and DPNH 
Cytochrome c Reductase of Rat Mitochondria from Liver, Kidney, and Brain 


No. of rats Trans- 

hydrogenase reductase 

13 432 5f 4529 402 + 39 
5 129 + 10 52 + 4 385 + 28 
5 9+ 51 + 8 300 + 30 


* Specific activity = micromoles XK 10-* reduced DPN (transhydrogenase) or 
micromoles X 10-* reduced cytochrome c (cytochrome c reductase)/mg. of N2 X min- 
ute. 

Standard deviation, 

Enzymic estimations as described under ‘‘Materials and methods.”’ 


kidney, and brain mitochondria. DPNH cytochrome c reductase, how- 
ever, was found to be 6 to 10 times more active than the TPNH enzyme. 

In contrast, the activity of transhydrogenase was markedly different 
in the three tissues: kidney mitochondria contained 3 and 15 times more 
transhydrogenase than liver and brain mitochondria, respectively. 

In all cases the transhydrogenase specific activity was lower than the 
DPNH cytochrome c reductase specific activity. Therefore, the rate 
of reduction of cytochrome c by TPNH, catalyzed by TPNH cytochrome 
c reductase when TPNH is oxidized by native mitochondria, is a function 
of the ratio: 


Specific activity of TPNH cytochrome c reductase 


Specific activity of transhydrogenase 
+ specific activity of TPNH cytochrome c reductase 


On the average, in rat mitochondria this ratio was 0.8 in brain, 0.5 in 
liver, 0.3 in kidney. 
Therefore, brain mitochondria and less effectively liver mitochondria 
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seemed suitable to determine the efficiency of the phosphorylation coupled 
with the oxidation of TPNH via the TPNH cytochrome c reductase, with a 
minimum of interference from transhydrogenase. 


Oxidation of Exogenous DPNH and TPNH by Mitochondria 
and Associated Phosphorylation 


DPNH and TPNH Produced by Enzymic Reduction of DPN or TPN in 
Presence of Ethanol—The reduction of DPN or TPN in the presence of 
ethanol was catalyzed at the same rate by a dialyzed extract of L. mesen- 
teroides (11). 


TABLE II 


Oxidation of DPNH and TPNH and Associated Phosphorylation by Rat 
Liver Mitochondria Preincubated or Native 


Mitochondria Added substrates Os uptake — Ratio, i 
patoms pmoles 
Native DPN + ethanol 6.0 1.0 0.2 
TPN + = 4.4 0.3 0.1 
Water pretreated DPN + “ 6.8 6.1 0.9 
for 3 min. TPN + es 4.4 2.3 0.5 


Each Warburg vessel contained the following in the main compartment: 0.005 m 
AMP, 0.005 m ADP, 0.0035 m phosphate buffer, pH 7.4, 0.0015 m sodium ethylenedi- 
aminetetraacetate, 0.030 m KF, 0.006 m glycylglycine buffer, pH 7.4, 0.014 m nico- 
tinamide, alcohol dehydrogenase (4 DeMoss units), 0.05 m KCl, 0.003 m MgClo, 0.5 
ml. of rat liver mitochondria (N2, 1.68 mg.) suspended in 0.9 per cent (w/v) KCI, 
0.0005 a DPN or 0.0005 m TPN, 0.025 m ethanol; final volume, 3.5 ml.; incubation, 
40 minutes. 


In the following experiments, the efficiency of the phosphorylation 
associated with the oxidation of DPNH or TPNH by rat liver mitochondria 
was determined comparatively. With the quantity of L. mesenteroides 
extract added to the Warburg vessel in the absence of mitochondria the 
rate of reduction of pyridine nucleotides was 1.5 to 2 umoles per minute. 
In the presence of mitochondria, both DPNH and TPNH were rapidly 
oxidized. As is shown in Table II, associated phosphorylation! is signifi- 
cantly increased when mitochondria were previously preincubated for 3 
minutes at 0° in distilled water. (In these experiments concentrated KCl 
solution was added immediately after the preincubation to bring the final 
salt concentration up to 0.9 per cent.) This treatment makes permeable 


1 Glucose and hexokinase were not used in order to avoid glycolytic phosphoryla- 
tion due to the glycolytic activity of L. mesenteroides extract. Under these condi- 
tions ADP was the only phosphate acceptor. 
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the mitochondrial membrane; the results obtained agree with Lehninger’s 
hypothesis concerning the existence of two sites of exogenous DPNH oxi- 
dation in large cytoplasmic particles; 7.e., an external non-phosphorylative 
site and an internal phosphorylative one (28, 29). Although an increased 
phosphorylation was easily achieved with liver mitochondria, pretreatment 


TABLE III 


Ozidation of DPNH and TPNH Generated during Enzymic Dehydrogenation of 
Ethanol by Rat Liver Mitochondria and Associated Phosphorylation 


“ent Substrates added uptake phosphate Ratio, 

mg. N2 paloms pmoles 

1 1.70 None 2.7 1.1 0.4 
1.70 DPN + ethanol 6.0 6.6 1.1 
1.70 TPN + 8 4.8 2.2 0.5 
1.70 | B-Hydroxybutyrate 3.2 3.3 1.0 

2 0 DPN + ethanol 1.1 0.2 0.2 
0 TPN + “s 0.7 0.0 0.0 
1.15 DPN + =a 4.7 5.6 1.2 
1.15 TPN + = 3.0 1.3 0.4 
1.15 DPN + TPN + ethanol 6.0 4.0 0.7 

3 1.65 DPN + ethanol 5.7 5.5 1.0 
1.65 TPN + - 4.8 2.5 0.5 
1.65 DPN + - + 2,4-DNP* 5.2 0.0 0.0 
1.65 TPN + + " 4.5 0.0 0.0 

4 1.68 DPN + ” 6.8 6.1 0.9 
1.68 TPN + o 4.4 2.3 0.5 


The basal medium was the same as for Table II. 0.5 ml. of a suspension of water- 
pretreated liver mitochondria in 0.9 per cent KCl was added. 0.0005 m DPN, 
0.0005 m TPN, 0.025 m ethanol, 0.010 m (dl) sodium 8-hydroxybutyrate, 5 X 10-5 M 
2,4-dinitrophenol; final volume, 3.5 ml.; time of incubation, 40 minutes. 

* 2,4-Dinitrophenol. 


of brain mitochondria with water resulted in diminution of oxygen uptake 
and no phosphorylation of ADP. 

Table III gives the phosphorylation quotients associated with the 
oxidation of DPNH and TPNH by liver mitochondria pretreated with 
water under a variety of experimental conditions. In the absence of 
mitochondria, the Oz consumption by the L. mesenteroides extract and the 
quantity of ADP phosphorylated were very low. Both oxidation and 
phosphorylation were increased when mitochondria were present in the 
medium. 2,4-Dinitrophenol (final concentration, 5 X 10-5 m) inhibits 
this phosphorylation. 

When DPNH was oxidized by mitochondria, P:O ratios of between 0.9 
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and 1.2 were observed; a similar value was obtained when 6-hydroxy- 
butyrate was oxidized (Table III). These values are comparable with 
those obtained by Lehninger under different conditions (28, 30). Since 
they are markedly under the theoretical value of 3 (31), one may assume 
that the mitochondrial ATPase activity and the lack of a system accepting 
the ATP terminal labile phosphate are responsible for this low efficiency. 
In addition the respiration of the microbial extract itself was not deducted 
and the true value for the phosphorylation quotients may be underesti- 
mated. If the respiration of the extract is taken into account, P:O ratios 
of 1.5 for DPNH and 0.6 for TPNH in Experiment 2 can be calculated. 

The rate of oxidation was slower for TPNH than for DPNH and in all 
cases the phosphorylation quotient associated with the oxidation of TPNH 
was 2 or 3 times less than that associated with the oxidation of DPNH. 
The P:O ratio for the oxidation of TPNH via TPNH cytochrome c reduc- 
tase is probably still less since in rat liver mitochondria transhydrogenase 
has approximately the same specific activity as TPNH cytochrome c 
reductase (Table I). 

Exogenous TPNH Produced by Enzymic Reduction of TPN in Presence 
of Glucose 6-Phosphate—TPNH was generated when TPN was incubated 
with glucose 6-phosphate and glucose-6-phosphate dehydrogenase. In 
the presence of water-pretreated mitochondria, TPNH formed in this 
manner was immediately oxidized. Glucose and hexokinase were added 
to the medium in order to trap ATP which can be formed by phosphoryl- 
ation of ADP during the oxidation of TPNH (a control was carried out 
which took into account the quantity of ATP produced by myokinase; 
see ‘‘Materials and methods’’). The major reactions may be summarized 
as follows: 


Glucose 6-P + TPN*+ — Gluconate 6-P + TPNH + Ht 
TPNH + O + Ht — TPN*t + H,O 
nADP + nP — nATP 
nGlucose + nATP — nGlucose 6-P + nADP 


It is evident from these reactions that the P:O ratio can be determined 
by comparison of the oxygen uptake with the variation of glucose 6-phos- 
phate after incubation. For example, when 1 umole of glucose 6-phosphate 
disappears for each microequivalent of oxygen consumed, the P:O ratio 
will be zero. With less disappearance or with increase in glucose 6-phos- 
phate concentration per microatom of oxygen used, the P:O ratio will be 
greater. The data of Table IV show a P:O ratio of 0.4 for the oxidation 
of TPNH produced from TPN reduction in the presence of glucose 6- 
phosphate and glucose-6-phosphate dehydrogenase. This value agrees 
with that obtained in the previous experiments. 

In order to stimulate the transfer reaction catalyzed by transhydrogenase 
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in an attempt to increase the efficiency of phosphorylation, DPN (final 
concentration 0.0005 m) was added to the Warburg flasks. The rate of 
oxygen uptake was increased by more than twice but the P:O ratio was 
not markedly affected. This observation indicated that amounts of 
endogenous DPN present in native mitochondria are apparently able to 
account for an efficient action of the transhydrogenase. 

Relationship between Activity of Transhydrogenase and Efficiency of 
Phosphorylation Coupled with Oxidation of TPN H—Since the dehydrogena- 
tion of isocitrate by rat liver, kidney, and brain mitochondria is primarily 


TABLE IV 


Oxidation of Exogenous TPNH Generated during Enzymic Dehydrogenation of Glucose 
6-Phosphate by Rat Liver Mitochondria and Associated Phosphorylation 


| Commeyme | On uptake Ratio, 
mg. Na min. patoms pmoles pmoles 

1 1.05 | TPN 
35 1.9 2.5 0.8 0.4 

0 6.6 
2 1.80 25 2.3 5.2 0.9 0.4 

0 6.6 
+ DPN 95 5.8 3.8 3.0 0.5 


Glucose 6-phosphate was generated in Warburg flasks during a preincubation at 
25°; the incubation mixture contained 0.003 m (Experiment 1) or 0.006 m (Experi- 
- ment 2) ATP, 0.004 m AMP, 0.018 m glycylglycine buffer, pH 7.4, 0.018 m phos- 
phate buffer, pH 7.4, 0.045 m KF, 0.007 m MgCls, 0.017 m nicotinamide, 0.04 m 
glucose, 0.5 mg. of hexokinase (final volume, 1.3 ml.). After an incubation of 30 
minutes other compounds were added: glucose-6-phosphate dehydrogenase (5 Korn- 
berg units), TPN or DPN 0.0005 m, 0.5 ml. of suspension in 0.9 per cent KC! of liver 
mitochondria pretreated by water; final volume, 2 ml. 


catalyzed by a TPN-linked dehydrogenase (32, 2), in the following experi- 
ments endogenous TPNH was produced during the incubation of mitochon- 
dria with isocitrate. As shown in Table V, the specific activity of TPN 
isocitric dehydrogenase was 5 and 30 times higher in kidney mitochondria 
than in liver and brain, respectively. This activity in the three types of 
mitochondria was roughly proportional to that of transhydrogenase. On 
the other hand, it is to be noted that TPN isocitric dehydrogenase always 
has a higher activity than TPNH cytochrome c reductase and so is not 
likely to be a limiting factor in the rate of oxidation of isocitrate by mito- 
chondria. 

To study the oxidation of isocitrate, sedimented mitochondria were 
suspended directly in 0.9 per cent KCl solution without any preincubation 
in water. With brain mitochondria and a mixture of the three tricarboxylic 
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acids (final concentration of d-isocitrate 0.001 m) the Qo, (microliters of 
O. per mg. of Nz per hour) was 2 to 3 times lower than that observed with 
liver or kidney mitochondria (Tables VI, VII, Experiment 4, Table VIII). 


TABLE V 


Specific Activity* of TPN Isocitric Dehydrogenase in Rat Mitochondria 
of Liver, Kidney, and Brain 


Tissue No. of rats TPN isocitric dehydrogenase 


* Specific activity = micromoles <X 10~* reduced TPN/mg. of N2 X minute. 
t Standard deviation, c. 
Enzymic estimation as described under ‘‘Materials and methods.”’ 


TABLE VI 
Oxidation of Isocitrate by Rat Brain Mitochondria and Associated Phosphorylation 
Rati 
Mito-_ |Incubation) Oo “ments end or Os (uatoms) 
periment 3) 
mg. N2 min es patoms pmoles pmole 
1; 1.16 40 31.8 2.2 1.6 0.7 0.10 22.0 
1.16 50 31.8 2.7 1.7 0.6 0.10 27.0 
2/ 1.40 40 31.2 2.6 1.9 0.7 
3/} 1.92 10 31.6 0.9 0.7 0.8 0.10 9.0 
1.92 30 31.6 2.7 2.1 0.8 0.13 20.8 
1.92 40 31.6 3.6 2.7 0.7 0.16 22.5 


Each Warburg vessel contained in the main compartment: 0.0015 m AMP, 
0.0015 m ADP, 0.006 m glycylglycine buffer, pH 7.4, 0.0045 m phosphate buffer, 
pH 7.4, 0.015 m KF, 0.003 m MgCl, 0.013 m KCI, 0.02 m glucose, 0.5 mg. of hexokinase, 
and the mixture of sodium tricarboxylic acids: citrate 89.5 per cent, cis-aconitate 
4.3 per cent, d-isocitrate 6.2 per cent (final concentration of d-isocitrate, 0.001 m), 
and 0.5 ml. of rat brain mitochondria suspension in 0.9 per cent (w/v) KCl; final 
volume, 3.5 ml. 


These values of Qo, were roughly proportional to the concentration of 
transhydrogenase in the different mitochondria. In brain mitochondria, 
where transhydrogenase has a very slight activity, the rate of isocitrate 
oxidation was probably limited by the rate of electron transfer from TPNH 
to cytochrome c via TPNH cytochrome c reductase. 

When the concentration of tricarboxylic acids was nearly doubled 
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(final concentration of d-isocitrate, 0.0018 mM), the Qo, for liver mitochon- 
dria was markedly decreased (Table VII, Experiments 1 to 3). Since 
citrate is known to be an inhibitor of DPNH-cytochrome c reductase (33), 
the use of high concentrations of tricarboxylic acids might cause an accumu- 


TABLE VII 
Oxidation of Isocitrate by Rat Liver Mitochondria and Associated Phosphorylation 
dria. | {mal con- | “tine 02 | uptake phosphate uptake rate a-Ketoglutarate 
x9 centration (Experiments formed (umoles) 
pa | 2 to 4) 
mg. Ne M min. | mg. patoms pmoles umole 
per hr 
1 | 3.84 | 0.0018 4 40.5 | 0.9 1.3 1.4 | 0.28 3.2 
3.84 | 0.0018 9 40.5 | 2.1 2.7 1.3 | 0.32 6.6 
3.84 | 0.0018 20 40.5 4.6 6.1 1.3 | 0.38 12.1 
3.84 | 0.0018 29 40.5 | 6.7 9.0 1.3 | 0.46 14.5 
2 5.03 | 0.0018 25 45.5 8.5 12.0 1.4 | 0.70 12.1 
3 | 2.58 | 0.0018 30 25.1) 2.9 2.7 1.1 0.23 11.8 
4 | 2.32 | 0.0010 | 30 | 78.0} 8.1 14.0 ® | 


Conditions as in Table V, except that different volumes of the tricarboxylic acids 
mixture were used. 


TaB_Le VIII 
Oxidation of Isocitrate by Rat Kidney Mitochondria and Associated Phosphorylation 
Ratio 
Experi- | Incu- Ortho- p a-Ketoglu- (uatoms) 
(umoles) 
mg. No min. paloms pmoles pmoles 
1 0.88 35 76.4 3.5 5.8 1.7 0.39 9.0 
2 1.47 20 106.1 4.6 8.7 1.9 1.20 3.8 


Conditions as in Table V. 


lation of citrate inside the particles and consequent inhibition of the reduc- 
tase. 

In all cases, the ratio, microatoms of O used, to micromoles of a-keto- 
glutarate found, was greater than 1 (Tables VI, VII, VIII), which indicates 
that oxidation went beyond the stage of a-ketoglutarate. When brain 
mitochondria were used, this ratio reached the highest values, 20 to 27. 
With liver or kidney mitochondria the ratio was much lower, and when the 
time of incubation was short it fell nearly to 1. In Experiment 1 (Table 
VII), the ratio after 4 minutes of incubation was 3.2, and it is apparent 
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that in this case a large part of the Oz consumed by liver mitochondria 
was used to convert isocitrate to a-ketoglutarate. Under these conditions 
the P:O ratio was 1.4. (It is to be noted that, although the ratio, micro- 
atoms of O used, to micromoles of a-ketoglutarate found, rose with time, the 
phosphorylation quotient remained unchanged.) When a-ketoglutarate 
was added instead of isocitrate, the P:O ratio found was 3.3 in the pres- 
ence of malonate and 2.6 in the absence of malonate. Therefore the value 
of 1.4 may be considered as a maximal value for the phosphorylation 
quotient associated with the oxidation of isocitrate to a-ketoglutarate by 
rat liver mitochondria. 

When rat kidney mitochondria were incubated with isocitrate, the P:O 
ratio was nearly 2 (Table VII), but with brain mitochondria the ratio 
never exceeded 1 (Table V). Under the same conditions oxidation of 
a-ketoglutarate (in the absence of malonate) by brain mitochondria gave 
a P:O ratio of 2.7. 


DISCUSSION 


The results obtained in this investigation have shown that TPNH 
cytochrome c reductase activity in mitochondria is far less than that of 
DPNH cytochrome c reductase. DeDuve et al. (34) also measured these 
activities in rat liver mitochondria and found for the DPNH system a 
value similar to that reported here but a lower value for the activity 
of TPNH cytochrome c reductase. The relative distribution of transhy- 
drogenase in liver, kidney, and brain mitochondria is of the same order as 
that found recently by Humphrey (35), but in our preparations the specific 
activity is markedly higher. The differences between values of enzymic 
activities given in this paper and those reported by other authors may be 
related to the special treatment of our mitochondrial preparations with 
digitonin. 

The theoretical value for the phosphorylation quotient associated with 
DPNH oxidation is 3 (30, 31). When liver mitochondria were used, the 
efficiency of coupled phosphorylation was two to three times less for TPNH 
oxidation than for DPNH oxidation. ‘Transhydrogenase activity is about 
the same as TPNH cytochrome c reductase activity in liver mitochondria. 
Therefore, the maximal value of the P:O ratio for TPNH oxidized via 
TPNH cytochrome c reductase is estimated to be 1. Since the P:O ratio 
for the oxidation of reduced cytochrome c is 1 (36, 37), it may be concluded 
that the only phosphorylation which could be coupled with the oxidation 
of TPNH via TPNH cytochrome c reductase would occur during the 
oxidation of reduced cytochrome c. No phosphorylation would be as- 
sociated with the transfer of electrons from TPNH to cytochrome c via 
TPNH cytochrome c reductase. 
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The results obtained with exogenous TPNH have been confirmed in 
experiments with endogenous TPNH where isocitrate oxidation was meas- 
ured with liver, kidney, and brain mitochondria. In kidney or liver 
preparations the efficiency of the associated phosphorylation was twice as 
great as with brain mitochondria. These differences can be related to the 
activities of transhydrogenase in the three tissues. For example, in brain 
mitochondria, in which the transhydrogenase activity is very low, TPNH is 
almost completely oxidized via TPNH cytochrome c reductase with a 
maximal value for the phosphorylation quotient of 1. It is clear that 
transhydrogenase plays a fundamental role in the regulation of the effi- 
ciency of phosphorylation associated with the oxidation of TPNH. 

The activity of DPNH and TPNH cytochrome c reductase in native 
mitochondria is probably related to the efficiency of phosphorylation for 
the oxidation of DPNH and TPNH. It is known that, in mitochondria 
with a latent adenosinetriphosphatase activity, the rate of oxidation of a 
substrate is slowed down when coupled with phosphorylation (38). From 
these data, it can be inferred that the rate of electron transfer from DPNH 
to cytochrome c in native mitochondria, which is accompanied by two 
phosphorylations, is less than that which could be expected from values 
of activity of DPNH cytochrome c reductase in lysed mitochondria; 
on the contrary the rate of electron transfer from TPNH to cytochrome c 
via TPNH cytochrome c reductase would be the same in native and lysed 
mitochondria. 

According to Ochoa and Weisz-Tabori (39), tissues that are rich in 
oxalsuccinate decarboxylase have a predominantly aerobic metabolism. 
Not only can the same observation be made for TPN isocitric dehydro- 
genase, since these two activities are carried out by the same enzyme (40), 
but also for transhydrogenase. It is interesting to note, for example, 
that a tissue such as brain, with a marked glycolytic metabolism, is nearly 
devoid of transhydrogenase. In this tissue, the efficiency of phosphoryl- 
ation for the oxidation of TPNH is small and the over-all phosphorylation 
quotient is decreased. Orthophosphate can accumulate and become avail- 
able for glycolytic phosphorylation. 


SUMMARY 


1. The specific activity of reduced triphosphopyridine nucleotide 
(TPNH) cytochrome c reductase was found to be of the same order of 
magnitude in mitochondria from rat liver, kidney, and brain; this was also 
true for reduced diphosphopyridine nucleotide (DPNH) cytochrome c 
reductase. Transhydrogenase, however, had a different specific activity 
in these three tissues. 

2. The specific activity of transhydrogenase was always lower than 
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DPNH cytochrome c reductase specific activity. In comparison with 
TPNH cytochrome c reductase activity, transhydrogenase had a specific 
activity higher, equal to, and lower than in kidney, liver, and brain mito- 
chondria, respectively. 

3. The value of the phosphorylation quotient associated with the oxida- 
tion of TPNH by rat liver mitochondria was 2 or 3 times lower than the 
P:O ratio associated with the oxidation of DPNH. Because of the rather 
high content of transhydrogenase in these mitochondria the maximal value 
of the phosphorylation quotient associated with the oxidation of TPNH 
via TPNH cytochrome c reductase may be estimated to be 1. 

4. Phosphorylation quotients were on an average 1.8, 1.4, and 0.7 when 
isocitrate was oxidized by mitochondria from rat kidney, liver, and brain, 
respectively. These differences suggest that transhydrogenase plays a 
role as a regulator in phosphorylation associated with the oxidation of 
TPNH. 

5. Distribution of TPN isocitrie dehydrogenase varied proportionately 
with transhydrogenase in mitochondria of rat liver, kidney, and brain. 
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PHYSICAL AND CHEMICAL PROPERTIES OF PROTAMINE 
FROM THE SPERM OF SALMON (ONCORHYNCHUS 
TSCHAWYTSCHA) 


I. PREPARATION AND CHARACTERIZATION 


By M. JOAN CALLANAN, WILLIAM R. CARROLL, 
AND ELLIS R. MITCHELL 


(From the National Institute of Arthritis and Metabolic Diseases, National 
Institutes of Health, Public Health Service, United States Department of 
Health, Education, and Welfare, Bethesda, Maryland) 


(Received for publication, May 13, 1957) 


Numerous determinations of the amino acid composition of various 
commercial preparations of the protamine, salmine, have been made (1-6). 
From several of these determinations (1, 2, 4, 6) minimal molecular weights 
ranging from 7000 to 10,000 have been calculated on the assumption that 
the preparations were homogeneous. Analyses of two commercial samples 
(Krishell' and Sharp and Dohme?) in this laboratory*® agree, in general, 
with the published values mentioned above. However, the molecular 
weight of the chloride salt of the Krishell sample was determined by sedi- 
mentation-diffusion to be closer to 4000 (7). This lower value was con- 
firmed by light scattering which gave a maximal (weight average) molecular 
weight of approximately 5000.‘ ‘By an end group method, Phillips (8) 
found an average molecular weight of 3800 for another commercial prepara- 
tion. 

Since no physical heterogeneity could be detected in the Krishell sample 
(7), it was concluded that the disagreement between the physicochemical 
molecular weight and the minimal molecular weight from amino acid 
analysis could be due to a chemical heterogeneity in which molecules of 
approximately the same size have slightly different amino acid composi- 
tions. Such a situation has recently been shown to exist in the case of 
clupeine by Felix and coworkers (9). Felix (10) has also demonstrated 
the apparent heterogeneity of two preparations of salmine. One, a 
commercial preparation (Salmo salar), was heterogeneous by the method 
of countercurrent distribution and the other (species not given) by paper 
chromatography. In addition, Phillips (8) has reported a non-uniformity 
of end groups in the preparation mentioned above. 


' Krishell Laboratories, Inc., Portland, Oregon. 

? Sharp and Dohme, Division of Merck and Company, Inc., West Point, Pennsyl- 
vania. 

’We are grateful to Dr. D. R. Kominz of this laboratory for these analyses. 

*M. J. Callanan and W. R. Carroll, unpublished. 
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As pointed out by other authors, the differences noted in various samples 
of salmine could arise from differences in salmon species, from mixtures of 
protamine from ripe and unripe sperm cells, or from differences in methods 
of preparation. These same factors could also be responsible for the 
chemical heterogeneity of any one sample. It was felt desirable, therefore, 
to prepare a sample of salmine from the ripe sperm of a single species of 
Pacific salmon by the mildest method possible. Such a preparation could 
be used to investigate the microheterogeneity problem and also for physico- 
chemical measurements on what preliminary experiments have shown to be 
a very interesting compound. The anion-binding ability and the poly- 
electrolyte viscosity behavior of salmine, for example, have already been 
reported (11). 

The present results give evidence that the lower physicochemical molec- 
ular weight is to be favored over the higher ones previously calculated 
from amino acid analyses and that salmine from a single species, even 
when prepared under mild conditions, is chemically heterogeneous. 


EXPERIMENTAL 


Chemical Methods—Total nitrogen was determined by the micro- 
Kjeldahl method of Ma and Zuazaga (12). 

Reactive arginine in salmine and free arginine in hydrolysates were 
determined by a modified Sakaguchi reaction.’ Total arginine after 
hydrolysis (in 6 N HCl in sealed tubes at 110° for 20 hours) was found to 
be 1.34 times the apparent content given by direct reaction of the Saka- 
guchi reagent with the intact protamine. Monier and Jutisz (13) found 
an average factor of 1.30 for arginine peptides. 

Proline was determined by the Chinard reaction (14) on the hydrolysate. 

Amino acid analysis was performed according to Moore and Stein (15). 
In accordance with a later unpublished suggestion of Moore and Stein, 
arginine was also determined on a 15 cm. column of Dowex 50 jacketed at 
50° and eluted with 0.4 m citrate buffer at pH 5.0. 

Because of the difficulties involved in isolating the dinitropheny] deriva- 
tive of proline from a hydrolysate for end group determination (16), a 
modification (17) of the Sanger procedure was carried out on the intact 
protamine. A volume of salmine solution between 0.1 and 2.0 ml. and 
containing approximately 0.6 mg. was used. To this were added 0.2 ml. 
of 1 per cent tetraborate buffer, pH 9.0, and 5.0 umoles of 2 ,4-dinitrofluoro- 
benzene dissolved in 0.1 ml. of absolute ethanol. The mixture was heated 
at 60° for 1 hour, and, without cooling, enough 1 N HCl was added to 
bring the final volume to 3.0 ml. The absorption of the acidified solution 
at 420 my was then read immediately in a photometer against a reagent 


5’ F. Irreverre, D. R. Kominz, and A. R. Hayden, in preparation. 
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blank. A standard solution of L-proline containing 0.15 umole was allowed 
to react with 2,4-dinitrofluorobenzene at the same time. 

Spectrophotometric Analysis—The ultraviolet absorption spectrum of the 
salmine was measured at various stages of the preparation in a Beckman 
model DU spectrophotometer.® 

(‘Itracentrifugal Analysis—The sedimentation analysis reported here was 
performed in a Spinco model E ultracentrifuge’ with schlieren optics in- 
cluding a phase plate diaphragm assembly. 

Electrophoretic Analysis—This analysis was made in an Aminco-Stern 
electrophoresis apparatus’ at 1°. 

Dialysis—Because of its small molecular size, salmine will diffuse through 
ordinary dialysis tubing. The tubing routinely used in this laboratory 
for salmine dialysis is prepared by heating 3} inch Visking seamless 
cellulose tubing’ at 90° in air for about 24 hours.!° 

Collection of Ripe Sperm—The salmon milt was generously provided 
by Dr. John E. Halver, Salmon Nutrition Laboratory, United States Fish 
and Wildlife Service, Cook, Washington. It was collected at the Service 
Hatchery at Underwood, Washington, from chinook salmon (Oncorhynchus 
tschawytscha) during the spawning season in late September. Mature 
sperm were stripped into a beaker and immediately dispersed through a 
23 gauge needle into a bath of liquid nitrogen. The fine granules of frozen 
sperm were then removed and stored under liquid nitrogen until they were 
packed in dry ice and sent by air express to the Bethesda laboratory. 
On arrival, the two slabs of dry ice used were still large, and the milt was 
hard. The milt was kept in a freezer until needed. 

Preparation of Salmine Chloride—Several different preparations with 
slight variations in procedure have been made. The results reported be- 
low were obtained on a sample prepared as follows: The cells were washed 
five to six times by centrifugation in the cold with 3 volumes of 0.1 M 
NaCl interspersed with three washings with water. They were then 
washed three times with 50 per cent ethanol, twice with 95 per cent ethanol, 
and once with 50 per cent ether in ethanol. To extract the protamine, 
1.5 volumes of cold 1.5 Mm NaCl in 50 per cent ethanol were added to the 
washed cells which were stirred vigorously for 15 minutes.'"' The protamine 
extract was recovered by centrifugation, a well packed sediment of nucleic 
acid being removed. The extract was then dialyzed against cold distilled 


6 Beckman Instruments, Ine., Fullerton, California. 

7 Spinco Division, Beckman Instruments, Inc., Belmont, California. 

’ American Instrument Company, Inc., Silver Spring, Maryland. 

* Visking Corporation, Chicago, Illinois. 

© According to a suggestion of D. W. Kupke, personal communication. 

'! The salt solution is strong enough to dissociate the nucleoprotamine completely, 
yet the ethanol prevents solution of the free nucleic acid. 
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water until the NaCl concentration was about 0.1 mM. The dialyzed 
protamine solution was then filtered through Hyflo Super-Cel” to remove 
the turbidity developed during dialysis. Part of the filtered solution was 
dialyzed again to remove most of the salt and then lyophilized. The rest 
of the solution was converted to the phosphate and sulfate salts as described 
below. 

Preparation of Salmine Phosphate from Salmine Chloride—Salmine_ in 
dilute NaCl (0.1 mM or less) can be precipitated as the phosphate salt by 
the addition of 1 mole of potassium phosphate buffer (pH 7) per mole of 
arginine residue and 2 volumes of ethanol.’ ~The precipitate thus obtained 
was dissolved in a minimal amount of water and then reprecipitated with 
0.5 mole of phosphate per mole of arginine residue and 2 volumes of ethanol. 

Preparation of Salmine Sulfate—Salmine chloride can be converted to 
the sulfate by an analogous procedure, except that 1 volume of ethanol is 
sufficient for precipitation. To assure complete replacement of chloride 
by sulfate, a solution was put through an anion exchange resin (IRA-400)" 
in the sulfate form. A preparation completely free from inorganic salt 
for dry weight and nitrogen determination was obtained by two cold 
precipitations by taking advantage of the large temperature coefficient 
of solubility of salmine sulfate in water. In the cold, salmine sulfate 
separates as a clear, immiscible liquid. 


Results 


Yield —In a typical preparation of the phosphate salt, 100 gm. of frozen 
milt (12.7 gm. dry weight) gave 3.12 gm. of salmine, expressed as the free 
base. This is 75 per cent of the total amount of Sakaguchi-reacting 
material present in the original milt. Of the arginine not recovered, 15 
per cent was lost in the washing process and 10 per cent in the succeeding 
steps, including conversion to the phosphate. 

Purity and Characterization Evidence for the physical homogeneity of 
the preparation is illustrated in Figs. 1 and 2. Fig. 1 shows the pattern 
obtained in the ultracentrifuge after 89 minutes at 59,780 r.p.m. The 
absence of any gross contamination by macromolecular species is evident. 
In addition, the symmetrical salmine boundary demonstrates the relative 
physical homogeneity of the sample. The sedimentation constant, 
S29, 18 0.98 K 10-" cm. see.~' dyne. 

In Fig. 2 are shown the electrophoretic boundaries obtained after 1500 
minutes at a voltage gradient of 2.7 volts cm.~'. Again there is a single 


12 A product of Johns-Manville, New York, New York. 

13 We have not been able to precipitate either the chloride salt or the free base 
with ethanol. 

4 Rohm and Haas Company, Philadelphia, Pennsylvania. 
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peak. However, in both of the two runs performed, a second peak was 
noticed about 3 hours after beginning the run. This peak was presumed 


Fic. 1. Sedimentation diagram of 1 per cent salmine phosphate in 0.1 M potassium 

phosphate buffer, pH 7.2, in synthetic boundary cell taken 89 minutes after reaching 
operating speed of 59,780 r.p.m. 


Fic. 2. Schlieren boundaries of electrophoresis run of 0.5 per cent salmine phos- 
phate in 0.1 M potassium phosphate buffer, pH 7.0, after 1500 minutes at 2.7 volts 
em. '. Upper section, ascending boundary; lower section, descending boundary. 


to be an anomaly, because it did not separate from the leading boundary 
but formed spontaneously behind it and later disappeared. All electro- 
phoretic boundaries were abnormally sharp. The mobilities in two runs 
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at about 0.5 per cent protamine and at pH 7.0 in 0.1 M potassium phosphate 
calculated for 0° were 2.05 and 2.12 XK 10-° em.? volt~' for the ascending 
boundary and 1.79 and 1.92 X 10-° em.’ volt~! for the descending boundary. 

The ultraviolet absorption of the twice precipitated salmine was small 
and non-specific. The absence of a peak at 260 my is evidence for the 
absence of nucleic acid, since this substance has a very high extinction 
coefficient. Because salmine contains no aromatic amino acids (1-6), no 
peak is expected at 280 mu. The flat absorption in this region is a further 
indication of the freedom from contaminating proteins or aromatic amino 
acids and peptides. In several, but not all, preparations a plateau or 
even small maximum in the ultraviolet absorption curve has been noticed 
in the vicinity of 270 mu prior to the phosphate (or sulfate)-ethanol pre- 
cipitations. Consequently, this step is now used routinely in the prepara- 


TABLE I 


Molecular WW ‘eights and Arginine Content of Various Preparations of Salmine 


group mol. wt. | | Sedimentation -diffu- Moles arginine 
Preparation lo (unhydrated base) sion mol. wt. X or 3 “Mole end group 
Sharp and Dohme............. 4.5 | 
4.07 + 0.10 | 18.7 + 0.5 


. * Calculated from the following experimentally determined parameters: 829° = 
0.66 Doyo = 13.4 and 6 = 0.700. These were measured on solutions 
of the shtevidie salt and are sinaifieantiy different from corresponding values for the 
phosphate (7). 


tion procedure. The salmine can be converted back to the chloride salt 
by use of a strong anion exchange resin in the chloride form. 

Analysis—Two carefully prepared samples of salmine sulfate, free from 
inorganic salt, were found to contain 24.7 per cent and 24.8 per cent 
nitrogen. Various determinations of the end group molecular weight 
based on this nitrogen value and the assumption that the N-terminal 
amino acid is proline (cf. (4, 18-20)) give 4.99 + 0.12 & 10* gm. per mole 
for salmine sulfate. For this molecular weight, the corrected Sakaguchi 
reaction indicates 18.7 + 0.5 residues of arginine per mole. 

The nitrogen content and the molecular weight of the unhydrated 
“free” base (containing the arginine residue in the form RNH.) may be 
calculated from that found experimentally for the sulfate salt.!° By 


16 Direct determination of the nitrogen content of the unhydrated base is possible 
after conversion of a salt of salmine to the free base on a strong base exchange resin, 
but this is inadvisable since the salmine solution obtained is so basic (pH 12.5 or 
above) that the protamine is partially hydrolyzed after a short time at room tempera- 
ture. 


n, 
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subtracting the weight of 18.7 half sulfate groups and 18.7 hydrogen ions 
from 4.99 X 10%, one obtains 4.07 X 10* for the molecular weight of the 
base. (A sulfur analysis on another preparation (S = 5.82 per cent) 
justifies this calculation.) This leads to a value of 30.4 per cent nitrogen 
which compares with 30.7 per cent reported by Phillips (8). In Table I 
is compared the molecular weight obtained for this preparation with those 
obtained earlier for two commercial samples. 

In Table II are given the number of residues of amino acids per 100,000 
gm. of free base and the minimal molecular weight calculated for each 
amino acid present. 


TABLE II 
Amino Acid Composition of Salmine 


Amino acid Minimal mol. wt. 
os ad wed hes vs 30.9 3,240 


* By direct Chinard reaction on unfractionated hydrolysate. 
t By direct Sakaguchi reaction on unfractionated hydrolysate. 


DISCUSSION 


One unique step in the preparation method presented here is the direct 
but mild extraction of the protamine from the washed cells (presumably 
nuclei; cf. (10)). Earlier published methods involved either an extraction 
with strong mineral acid (21) or the dissociation of the nucleoprotamine 
in a concentrated salt solution (22). The letter method necessitates a 
tedious separation of the protamine from a large volume of highly viscous 
nucleic acid solution. 

Although no identification of the impurities present in the original 
salmon milt has been made, the washing procedure described removes a 
yellow substance in the early stages. Most of the supernatant solutions 
are turbid owing to material which is low in protamine and nucleic acid. 
(Only at salt concentrations above 0.2 m does the washing solution dissolve 
an appreciable amount of salmine.) In addition, evaporation of the 
ethanol-ether wash leaves a small deposit of fatty material. 

From the results presented in Table I, it is concluded that the smaller 
physicochemical value of about 4000 for the molecular weight is to be 
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favored over the previously accepted higher values calculated from amino 
acid analyses, since the lower value has been confirmed by a chemical end 
group method. The end group molecular weight reported here is within 
the 10 per cent reliability of the value of 3800 given by Phillips (8). 
Although several other protamines, notably clupeine, have been demon- 
strated to be physically and chemically heterogeneous (10, 9), relatively 
little work has been done on salmine. The sample investigated by Velick 
and Udenfriend (4), which was electrophoretically homogeneous and 


showed a single sedimentation boundary, was a commercial preparation | 


from a genus of Pacific salmon. The same apparent physical homogeneity 
has been found in this preparation. However, an examination of the 
results of the amino acid analysis in Table II seems to establish beyond 
doubt that a true chemical heterogeneity exists in the case of salmine, 
since a reasonable minimal molecular weight cannot be calculated from 
these data. 

Although the type of heterogeneity demonstrated by Felix (10) by 
countercurrent distribution and paper chromatography may exist in the 


case of protamine from Pacific salmon, there is also the possibility that | 


European and Pacific species differ in this respect. In previous experi- 
ments on commercial samples, we were not able to obtain any chromato- 
graphic separation on paper even though there was the same evidence of 
chemical heterogeneity in these samples as in the present preparation. 


SUMMARY 


Protamine (salmine) from the ripe sperm of a single species of Pacific | 


salmon (Oncorhynchus tschawytscha) was prepared in high yield by the 
direct extraction of washed milt with 1.5 m NaCl in 50 per cent ethanol. 

The purity of the preparation was established by sedimentation, electro- 
phoresis, and ultraviolet absorption studies. The nitrogen content of 
the sulfate salt was determined to be 24.8 per cent. 

The “‘free’’ unhydrated base was found to contain 18.7 + 0.5 arginine 
groups per molecule and to have an end group molecular weight of 
(4.07 + 0.10) XK 10°. This molecular weight is in good agreement with the 
value found previously for a commercial sample of salmine by sedimenta- 
tion-diffusion, but is considerably below earlier accepted values calculated 
from amino acid analyses. The amino acid composition presented here 
can be reconciled with the molecular weight only by assuming a chemical 
heterogeneity. 
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RYEGRASS NUCLEASES* 


By LOUIS SHUSTERf 


(From the McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland) 


(Received for publication, May 21, 1957) 


Some of the products which result from the action of pancreatic ribo- 
nuclease on ribonucleic acid (RNA) are 3’-pyrimidine mononucleotides (1). 
In attempting to identify these nucleotides by means of 3’-nucleotidase 
obtained from germinating barley, it was observed (2) that the barley 
preparation could degrade RNA to the extent that it no longer gave a 
precipitate with the uranyl] acetate-trichloroacetic acid reagent of Mac- 
Fadyen (3). The digestion products, unlike those which result from the 
action of pancreatic ribonuclease, are not dephosphorylated to any marked 
degree by 3’-nucleotidase. Evidence presented here indicates that they 
are largely 5’-mononucleotides. The same enzyme preparations also 
hydrolyze deoxyribonucleic acid (DNA) to acid-soluble products. 

In preliminary work the ribonuclease activity of barley and ryegrass 
preparations could not be separated from the 3’-nucleotidase activity. 
Since hydrolysis of the nucleoside-3’-phosphate linkage would liberate 5’- 
mononucleotides from RNA, it was at first suspected that both activities 
might be due to a single enzyme. It was soon found, however, that sep- 
arate enzymes are involved. This paper describes the partial separation 
of 3’-nucleotidase, ribonuclease, and deoxyribonuclease from germinating 
ryegrass, and gives a comparison of some of their properties. 


Materials and Methods 


Two preparations of yeast ribonucleic acid were used. One was kindly 
supplied by Dr. G. Schmidt and the other was prepared from commercial 
(Schwarz Laboratories, Inc.) yeast RNA by the method of Smith and 
Markham (4). Essentially the same results were obtained with both 
preparations. Highly polymerized thymus deoxyribonucleic acid was also 
furnished by Dr. Schmidt. Cyclic adenosine and cytidine phosphates were 


* Contribution No. 195 of the McCollum-Pratt Institute. Aided by grants from 
the National Research Council as recommended by the Committee on Growth of the 
National Research Council, and the National Cancer Institute, National Institutes 
of Health, grant No. C2374(c), and the National Science Foundation, grant No. 
G-2187. 

t Lalor Foundation Predoctoral Fellow (1952-54). Present address, National 
Cancer Institute, National Institutes of Health, Bethesda, Maryland. 
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synthesized by the method of Brown, Magrath, and Todd (5); 3’-adenylic 
acid was purchased from the Schwarz Laboratories, Inc. 

Prostatic phosphatase was prepared according to Markham and Smith 
(6). A 50-fold purified preparation of bull semen 5’-nucleotidase (7) was 
kindly supplied by Dr. L. A. Heppel. 

The Fiske-Subbarow method (8) was used to measure inorganic phos- 
phate. Protein concentration was determined by the method of Lowry 
et al. (9). Ribonuclease activity was measured in several different ways. 
One method, employed by Kunitz (10), is based on the assay of total phos- 
phate soluble in MacFadyen’s urany! acetate-trichloroacetic acid reagent. 
In some cases, the release of monoester phosphate was checked by measur- 
ing the release of inorganic phosphate upon subsequent treatment with 
prostatic phosphatase, as described by Schmidt et al. (11). The assay 
system most commonly used involved measurement of the release of acid- 
soluble material which absorbs at 260 my. This method is essentially 
similar to the one used by Pardee and Kunkee (12) and is described below. 

Standard Assay—The incubation mixture consisted of 0.3 ml. of 1 per 
cent RNA dissolved in 0.1 Mm NaHCQs, 0.1 ml. of 1.0 M acetate buffer, pH 
4.5, enzyme, and water to a total volume of 1.0 ml. After incubation for 
10 or 15 minutes at 37°, the reaction was stopped by the addition of 1.0 
ml. of 0.5 n HCl, and any resulting precipitate of undigested nucleic acid 
was removed by centrifugation. A 0.1 ml. aliquot of the supernatant 
fluid was made to 3.0 ml. with water and the optical density at 260 my of 
this solution was measured in a quartz cell with a 1 cm. light path. Con- 


trols consisted of the same incubation mixture with HCl added at zero | 


time. Under these conditions, the control or blank value usually amounts 
to about 15 per cent of the maximal reading obtainable upon complete 
enzymatic digestion of the substrate. Perchloric acid may be used in 
place of HCl, but the resulting blank values appear to be just as high, or 
higher. 

As shown in Fig. 1, values obtainable with this type of assay system are 
proportional to enzyme concentration, and the increase with time during 
the initial part of the reaction is approximately linear. Changes of less 


than 0.05 or more than 1.0 optical density unit obtained by this method 


are unreliable. 

The unit of ribonuclease activity is defined as that amount of enzyme 
which will bring about an increase of 1.000 optical density unit per hour 
under the conditions of the standard assay. This corresponds to the com- 
plete digestion of approximately 2.5 mg. of RNA. The specific activity 
is the number of units per mg. of protein. 

Deoxyribonuclease activity was measured in a similar manner. The 
usual assay system contained 0.2 ml. of a 1 per cent solution of sodium 


a. 


| 
| 
| 
re 
A 
0 
ce 
Ww 
u 
] 
e] 


L. SHUSTER 291 


deoxyribonucleate, 0.1 ml. of 1.0 mM acetate buffer, pH 5.8, enzyme, and 
water to a volume of 1.0 ml. Precipitation with HCl and measurement of 
optical density were the same as for ribonuclease. With DNA, blank 
values were usually negligible. Definitions of the unit of activity and 
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Fic. 1. (a), digestion of RNA by rvegrass ribonuclease. The incubation mixture 
contained 30 mg. of veast RNA and 2.4 ml. of enzyme in 6.0 ml. of 0.1 M tris(hydroxy- 
methv!)aminomethane (Tris) buffer, pH 7.5. At various times 1.0 ml. aliquots were 
removed into 1.0 ml. of 0.5 N HCl, and any resulting precipitate was centrifuged. 
A 0.1 ml. aliquot of the supernatant fluid was made to 3.0 ml. with water and the 
optical density of this solution was measured at 260 my. (6b), effect of enzyme con- 
centration on hydrolysis of RNA by ryegrass ribonuclease. The incubation mixture 
contained 2 mg. of yeast RNA, 1.1 ml. of 0.1 M acetate buffer, pH 5.1, enzyme, and 
water to a total volume of 1.7 ml. After incubation at 37°, any undigested nucleic 
acid was precipitated by the addition of 0.3 ml. of 2 nN HCl, and the optical density 
of the supernatant fluid was measured at 260 my in the usual manner. All the val- 
ues are corrected for the blank reading obtained without enzyme. 


specific activity correspond to those for ribonuclease, and an increase of 
1.000 optical density unit represents the complete digestion of approxi- 
mately 2.5 mg. of DNA. 


Results 


Purification of Ryegrass Ribonuclease—The initial purification of this 
enzyme and that of ryegrass deoxyribonuclease is incidental to the purifi- 
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cation of 3’-nucleotidase as described previously (13). Subsequent steps 
take advantage of differential adsorption on alumina gel for separation of 
ribonuclease from 3’-nucleotidase. 

Step 1. Preparation of Crude Extract—Domestic ryegrass seed (500 
gm.) was soaked in water in a shallow vessel for 2 days at room tempera- 
ture. The germinating seed was then homogenized in a Waring blendor 
with 1 liter of cold water. Blending was carried out in batches for 3 min- 
utes at a time. The homogenate was squeezed through cheesecloth and 
the wine-colored extract was centrifuged to remove starch and cell debris. 

Step 2. Ammonium Sulfate Precipitation—The precipitate obtained by 
adding solid ammonium sulfate to 90 per cent saturation was collected by 
filtration and dissolved in 150 ml. of cold water. The solution obtained 
was dialyzed against cold running tap water overnight. 


Step 3. First Adsorption on Alumina Gel—150 ml. of alumina Cy gel | 
(dry weight 22 mg. per ml.) were added with stirring to the solution from } 
Step 2. After being allowed to stand at 8° for 10 minutes, the gel was | 


centrifuged, washed twice with 150 ml. of H.O and twice with 150 ml. of 
0.5 m (NH4)2SO,, and then eluted with four 150 ml. portions of 1.0 m 
NaHCO;. The eluate was dialyzed against cold water overnight. 


Step 4. Adsorption on Calcium Phosphate Gel—The solution from Step 


3 was adsorbed on 150 ml. of calcium phosphate gel (dry weight, 13 mg. 

per ml.). The gel was centrifuged, washed twice with 150 ml. of distilled 

water, and then eluted with three 50 ml. portions of 1.0 m (NH,4)2SO,. 
Step 5. Second Adsorption on Alumina Gel—50 ml. of alumina Cy gel 


were added to the undialyzed solution from Step 4. About 80 per cent of | 
the 3’-nucleotidase was adsorbed on the gel under these conditions, but a — 


major part of the ribonuclease activity remained in the supernatant fluid, 
which was dialyzed overnight against distilled water. 


Step 6. Third Adsorption on Alumina Gel—5 ml. of alumina Cy gel 


were added to the solution from Step 5. Part of the ribonuclease activity 
remained in the supernatant fluid. The gel was centrifuged and eluted 
with 10 ml. of 1.0m 

Step 7. Fourth Adsorption on Alumina Gel—3 ml. of alumina gel were 
added to the eluate from Step 6. The gel was removed by centrifugation 
and the supernatant fluid was dialyzed overnight against 2 liters of dis- 
tilled water. 

A summary of this purification is contained in Table I. Comparative 
figures are also given for the purification and yield of the accompanying 
enzymes 3’-nucleotidase and deoxyribonuclease. The purification ratios 
for the three enzymes do not remain constant. The best separation was 
obtained in Step 6, from which 3’-nucleotidase activity could be detected 
only by the use of an amount of enzyme far in excess of that required for 
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good ribonuclease activity. A 29-fold purification of deoxyribonuclease 
activity was also obtained by eluting the alumina gel from Step 5 with 1.0 
u NaHCOs, but this step gave little separation of the three enzyme ac- 
tivities." 

Properties of Ryegrass Ribonuclease—Except where otherwise noted, most 
of the experiments described below were carried out with preparations rep- 
resenting about a 15-fold purification. 

Optimal pH—The activity of ryegrass ribonuclease reaches a maximum 
at pH 4.5. This agrees with the value of approximately 4 given by Con- 
tardi and Ravazzoni for rice bran polynucleotidase (15). This pH opti- 


TABLE I 
Purification of Ryegrass Ribonuclease 
For definitions of units, see the text. 


D ibo- 
Ribonuclease 3’-Nucleotidase pon 

Specific | Total | Purifi- Total a3 
activity| units (cation = | units 23 3§ 5s 

ns 

ml 
1 Crude extract 800 4.4) 5950; 1 42.555, 1 1.5|1970; 1 
2 (NH,)2SO, ppt. 170 7.1) 5140) 1.6) 55 1.2 

3 | Alumina No. 1 680 | 31.6) 2040) 7.2/332 (21,400) 7.8) 7.2) 465) 4.9 
4 Calcium phosphate 200 | 130 1400; 29 8,600.19 |19.4) 21013.2 
5 Alumina No. 2 250 | 152 1300; 35 =|165 1,410; 3.9/13.8) 118) 9.4 
6 250 | 157 470) 35 69 206; 1.611.7| 33) 8.0 
7 15 | 255 147| 58 |420 24010 10 3 5| 7.0 


mum differs considerably from those of the accompanying enzymes 3’- 
nucleotidase (pH 7.5) and deoxyribonuclease (pH 5.5) (Fig. 2). 

Substrate Saturation—The initial rate of ribonuclease activity was found 
to increase with increasing amounts of substrate. The K,, value obtained 
by inspection when the initial rate was plotted against substrate concen- 
tration is 2.56 X 10-* m total RNA phosphate. 

Heat Stability of Ryegrass Ribonuclease, Deoxyribonuclease, and 3’-Nucleo- 
tidase—Holden (16) found that heating extracts of tobacco leaves to a 


' Because of the difficulties encountered in attempts to free ryegrass ribonu- 
clease from 3’-nucleotidase activity, an effort was made to obtain ribonuclease prep- 
arations from plant materials known to be relatively poor in monoesterase. Am- 
monium sulfate fractions (0.7 to 0.9 of saturation) of extracts of sweet almonds (14) 
and germinating oats were obtained which released phosphate monoesters from 
RNA (as measured with prostatic phosphatase) and showed only traces of 3’-nucleo- 
tidase activity. 
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boil destroyed all of the phosphatase activity but only about half of the 
ribonuclease activity. Pea leaf ribonuclease was observed by Holden and 
Pirie (17) to lose 98 per cent of its activity in 3 minutes at 88°. This 
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Fic. 2. Comparison of pH-activity curves for ryegrass ribonuclease, deoxyribonuy | 


clease, and 3’-nucleotidase. The curve given for 3’-nucleotidase is for the barley 
enzyme (2), which shows the same pH behavior as the ryegrass enzyme. For ribo- 
nuclease and deoxyribonuclease the incubation mixture contained 2 mg. of sub- 
strate, 1.0 ml. of 0.1 mM acetate or Tris buffer, and 0.5 ml. of enzyme. After 15 min- 


utes incubation at 37°, the reaction was stopped with 0.5 ml. of 2 N HCl and activity | 
was determined spectrophotometrically in the usual manner. (1), 3’-nucleotidase; — 


(2), ribonuclease; (3) deoxyribonuclease. 
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Fic. 3. Thermal inactivation of ryegrass ribonuclease, deoxyribonuclease, and 
3’-nucleotidase at pH 5.8. 1 ml. aliquots of unbuffered enzyme were heated for vary- 


ing lengths of time at 100°, cooled, and tested in the usual assay systems. A, 
RNase; O, DNase; @, 3’-nucleotidase. 


enzyme was found to be most stable at pH values of 4 to 5. Fig. 3 
shows the effect of heating at pH 5.8 on the activity of ryegrass ribonu- 
clease, 3’-nucleotidase, and deoxyribonuclease. Similar results were ob- 
tained when ribonuclease activity was determined by the prostatic phos- 
phatase method. From these observations, it appears that ryegrass 
ribonuclease is considerably more heat-stable than either the 3’-nucleo- 
tidase or the deoxyribonuclease. 
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Effect of pH on Heat Stability—0.5 ml. aliquots of enzyme were heated 
with 0.5 ml. of 0.1 m buffer for 3 minutes at 100°, cooled, and tested in the 
usual assay systems for 3’-nucleotidase and ribonuclease activity. Tur- 
bidity appeared as a result of heating at pH values 3.5, 4.5, and 5.1, while 
at all other pH values the enzyme solution remained clear. The results 
of these determinations, expressed as percentages of activity obtained 


under the same conditions with unheated enzyme, are shown in Fig. 4, 


and indicate that the 3’-nucleotidase activity is most stable to heating in 


0.05 x HCl, while the ribonuclease activity is most stable between pH 7 
and pH 9. Both enzymes are readily inactivated at pH 3 to 5, at which 


level precipitation was observed as a result of heating. These data con- 
trast with a previous report (2) in which the heat stability of certain bar- 
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Fic. 4. Thermal inactivation of ryegrass ribonuclease and 3’-nucleotidase at dif- 
ferent pH values. For experimental data, see the text. O, RNase; @, 3’-nucleo- 
tidase. 


ley 3’-nucleotidase preparations was claimed to be greatest at pH 3 to 5. 
Resolution of the observed differences awaits a direct comparison of the 
two enzyme preparations. 

Effect of Purification on Heat Stability—Different ryegrass preparations 
were observed to vary considerably in heat stability. Similar variations 
had previously been observed with preparations of barley 3’-nucleotidase 
(2). A comparison of the heat labilities of the 3’-nucleotidase and ribo- 
nuclease in two different ryegrass preparations is shown in Table II. This 
would appear to indicate that heat stability increases with purification. 
The possibility that purification removes some factor which increases heat 
lability was tested by determining the effect on heat stability of mixing 
preparations of different purity. The results of such an experiment indi- 
cated that the addition of a small amount of crude enzyme markedly de- 
creases the heat stability of the 3’-nucleotidase in a purified preparation. 
Under the conditions of the experiment, there was little effect on the heat 
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stability of the ribonuclease activity. The nature of the factor responsi- 
ble for heat lability is still unknown. This factor, studied more extensively 
with 3’-nucleotidase, was found to be non-dialyzable, precipitable with 
acetone, stable to heating for 10 minutes at 100° in 1 N HCl or 1 N NaOH, 
and was destroyed by ashing. It is of interest that Bernheimer and Steele 
(18) have reported the presence in some plant extracts of a substance, 
stable to heating at 100° in 0.1 nN HCl or 0.1 nN NaOH, which, after a time 
lag, strongly inhibits pancreatic ribonuclease and the ribonucleases of some 
plants but not others. 

Inhibitors of Ryegrass Ribonuclease and Deoxyribonuclease—The inhibi- 


TaBLe II 

Effect of Purification on Heat Stability of Ryegrass Ribonuclease and 3'-Nucleotidase 

Two ryegrass preparations were made 0.1 m with respect to Tris buffer, pH 7.5. 
One (Preparation A) contained a 4-fold purified 3’-nucleotidase and a 35-fold purified 
ribonuclease; the other (Preparation B) was about 2-fold purified with respect to 
both activities. Both preparations were heated at 100° and aliquots were removed 
at various times for comparison with the unheated enzymes in the usual assay sys- 
tems. 


Per cent original activity 
Time at 100° 3’-Nucleotidase Ribonuclease 
Preparation A Preparation B Preparation A Preparation B 
min. 
0 100 100 100 100 
4 79 58 
9 26 
19 31 13 
32 25 7 78 50 


tion of ryegrass ribonuclease and deoxyribonuclease by potassium cyanide 
and by cysteine varies with pH (Table III). Under the conditions of the 
experiment, cysteine was found to have little, if any, effect on the activity 


of pancreatic ribonuclease. Magnesium ion, which is a potent inhibitor | 
of pancreatic ribonuclease (19), inhibits ryegrass ribonuclease only 30 per — 


cent at a concentration of 1 X 10-? mM and has no effect on ryegrass de- 
oxyribonuclease. Similar findings have been reported by Holden and 
Pirie (17) for pea leaf ribonuclease. 

Changes in 3’-Nucleotidase and Ribonuclease Activity of Germinating Bar- 
ley—Previous investigations had indicated considerable increases in specific 
activity of the enzymes 3’-nucleotidase and 5’-nucleotidase during the 
germination of a number of cereal seeds (2). The malting process in 
brewing involves the rapid germination of barley for 6 days in a forced 
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draft of warm air. Through the courtesy of Mr. David R. Schwarz of the 
Schwarz Laboratories, Inc., samples of malting barley, Kinored strain, 
were obtained from each stage of the malting process. 50 gm. of each 
sample were homogenized for 5 minutes in a Waring blendor with 100 ml. 
of water. The homogenate was squeezed through cheesecloth and centri- 
fuged to remove starch. The resulting extract was dialyzed overnight 
against cold running tap water, and protein precipitates which formed 
during dialysis were removed by centrifugation. The extract was then 
stored at —18°. Specific activities of 3’-nucleotidase and ribonuclease in 
the extracts were determined in the usual assay systems. The hydrolysis 
of the 2’ and 5’ isomers of adenylic acid by the extracts was also measured 
and in no case amounted to more than 2 per cent of the hydrolysis of 3’- 
adenylic acid under the conditions of the assay. 


TaBLeE III 
Inhibition of Ryegrass Ribonuclease and Deoryribonuclease by Cysteine and KCN 
Per cent inhibition 
Inhibitor Final concentration pH 
Ribonuclease | Deoxyribonuclease 
M 
Cysteine 1 X 10-3 7.5 63 100 
5.8 66 82 
4.5 0 0 
KCN 1 X 10° 5.8 40 40 
4.5 0 0 


As shown in Fig. 5, a 10- to 15-fold increase in 3’-nucleotidase activity 
was observed during the first 3 days of germination, but only a 3-fold in- 
crease in ribonuclease activity. This is taken as further indication that 
the two enzymes are different. Marked increases in activity during 
germination have also been reported for the ribonuclease of pea seedlings 
(17) and the deoxyribonuclease of germinating barley (20). 

Products of Action of Ryegrass Ribonuclease—Several workers have re- 
ported the complete degradation of RNA by plant enzyme preparations. 
Often the resulting products are also dephosphorylated by attendant phos- 
phatases, so that most of the organic phosphorus in the nucleic acid is re- 
leased as inorganic phosphate. For instance, Axelrod (21) found that 
preparations of orange juice phosphatase were able to release 90 per cent 
of the total phosphate of yeast RNA as inorganic phosphate, and Bredereck 
(14) observed the almost quantitative precipitation of adenosine and 
guanosine after prolonged incubation of yeast RNA with extracts of sweet 
almonds. 


| 

Onsi- 
vely 
‘ith 
OH, 
eele 
nce, 
ime 
ome 
ibi- | 
idase | 
ified 

t to | 
oved | 
Sys- 
BC 
nide 
the 
vity 
vitor | 
per 
de- | 
and | 
cific 
the 

in 
| ced 


208 RYEGRASS NUCLEASES 


The products formed by the action of ryegrass ribonuclease on yeast 
ribonucleic acid are not precipitable by 0.25 nN HCl or by MacFadyen’s 
uranyl acetate-trichloroacetic acid reagent. Schmidt et al. (11) have used 
prostatic phosphatase to measure the liberation of monoester phosphate 
groups from ribonucleic acid by pancreatic ribonuclease. As shown in 
Fig. 6, all of the organic phosphate in the digestion products of ryegrass 
ribonuclease can be released by the action of prostatic phosphatase. The 


3'~ NUCLEOTIDASE 


SPECIFIC ACTIVITY 


ND 


RIBONUCLEASE 


| 2 > 4 5 6 
GERMINATION TIME IN DAYS 


Fic. 5. (a), changes in specific activity of barley 3’-nucleotidase during germina- 
tion. Specific activity is expressed as micromoles of inorganic phosphate released 
from 3’-adenylic acid per hour per mg. of protein under the conditions of the standard 
assay. (b), changes in specific activity of barley ribonuclease during germination. 
Specific activity is based on the increase in optical density at 260 my of the 0.25 Nn 
HCl supernatant fluid, as described for the standard assay. 


ribonuclease preparation used in this experiment was not purified to any 
great extent. Purer preparations, which also possess potent 3’-nucleoti- 
dase activity, release much less inorganic phosphate from RNA than was 
obtained in this case. For example, incubation of RNA for 20 hours at 
pH 4.5 with a large excess of a 15-fold purified preparation resulted in com- 
plete digestion of the nucleic acid with the release of only 8 per cent of the 
total phosphate as inorganic phosphate. The inorganic phosphate liber- 
ated from RNA by 3’-nucleotidase can be accounted for as terminal 3’- 
phosphate groups in the intact molecule (22). The mononucleotides 
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formed by the action of pancreatic ribonuclease on RNA are readily de- 
phosphorylated by 3’-nucleotidase. 

The monoester phosphates liberated by ryegrass ribonuclease are rapidly 
hydrolyzed by purified bull semen 5’-nucleotidase, as shown in Table IV. 
This appears to establish the structure of the products as 5’-mononucleo- 
tides, since bull semen 5’-nucleotidase will not attack nucleoside diphos- 
phates (23). 

Products of Action of Ryegrass Deoxyribonuclease—As in the case of the 
ribonuclease, the products of ryegrass deoxyribonuclease are not precipi- 
tated by uranyl acetate in trichloroacetic acid or by 0.25 Nn HCl. Tests 
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Fic. 6. Digestion of products of ryegrass ribonuclease by prostatic phosphatase. 
25 mg. of yeast RNA were incubated with 5.0 ml. of a 2-fold purified enzyme prep- 
aration in a total volume of 7.5 ml. for 3 hours at 37°. Then 1.0 ml. of 1.0 M ace- 
tate buffer, pH 4.5, and 0.5 ml. of prostatic phosphatase were added and incubation 
was continued. At intervals a 1.0 ml. aliquot was removed into 1.0 ml. of 20 per 
cent trichloroacetic acid, the resulting precipitate was centrifuged, and 1.5 ml. of 
the supernatant fluid were analyzed for inorganic phosphate. No prostatic phos- 
phatase was added to the control. 


with prostatic phosphatase and 5’-nucleotidase indicate (Table IV) that a 
majority of these products can be accounted for as 5’-mononucleotides. 
The source of the inorganic phosphate released from DNA by digestion 
with the ryegrass enzyme has not been established. The presence of small 
amounts of 5’-nucleotidase or non-specific phosphatases has not as yet been 
entirely ruled out. 

Action of Ryegrass Ribonuclease on Model Substrates—The observations 
of Brown, Dekker, and Todd (24), Markham and Smith (25), and Brown, 
Heppel, and Hilmoe (26) indicate that, when a ribonuclease is specific for 
only one side of the 3’-5’ diester linkage of RNA, this specificity will also 
apply to the hydrolysis of model substrates such as the P-alkyl esters of 
mononucleotides and cyclic nucleoside 2’-3’-phosphates. Thus pancreatic 
ribonuclease, which is specific for the pyrimidine-3’-P linkage, will cleave 
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pyrimidine-3’-P alkyl esters but not the corresponding 2’ or 5’ esters or the 
purine-3’-P esters. Similarly pyrimidine nucleoside cyclic 2’-3’-phosphates 
but not the purine cyclic phosphates are hydrolyzed by pancreatic ribo- 
nuclease to 3’-mononucleotides. 

The action of ryegrass ribonuclease on some model substrates has pre- 
viously been reported by Brown, Heppel, and Hilmoe (26). They found 


TaBLe IV 


Digestion of Products of Ryegrass Ribonuclease and of Ryegrass Deoxyribonuclease by 
Prostatic Phosphatase and by 5’-Nucleotidase 

With ribonuclease the incubation mixture consisted of 2.0 mg. of RNA with and 
without 1.3 ml. of ryegrass enzyme in a total volume of 1.5 ml. After incubation 
for 1 hour at 37°, 0.1 ml. of 1.0 m Tris buffer, pH 7.5, and 0.1 ml. of purified bull se- 
men 5’-nucleotidase were added, or 0.1 ml. of 1.0 m acetate buffer, pH 4.5, and 0.1 ml. 
of prostatic phosphatase, and incubation was continued for another 45 minutes. 
The deoxyribonuclease incubation mixture contained 2.0 mg. of DNA, 0.1 ml. of 1.0 
M acetate buffer, pH 5.8, and 0.5 ml. of enzyme or water in a total volume of 0.7 ml. 
After 2.5 hours at 37°, 0.2 ml. of 1.0 m Tris buffer, pH 9.1, 0.1 ml. of purified bull 
semen 5’-nucleotidase, and 0.1 ml. of 0.1 m MgCl. were added, or 0.2 ml. of 1.0 m 
acetate buffer, pH 4.6, and 0.2 ml. of prostatic phosphatase, and incubation was 
continued for another 2.5 hours. The reactions were stopped by the addition to the 
digests of an equal volume of 3 per cent uranyl] acetate in 20 per cent trichloroacetic 
acid. The resulting precipitates were removed and 1.0 ml. aliquots of the super- 
natant solution were analyzed for inorganic phosphate. 


RNA DNA 
Enzyme , Per cent . | Per cent 
Inorganic Inorganic 
pmoles pmoles 
Prostatic phosphatase..................... 0.19 3 0.04 2 
Prostatic after ryegrass.................... 4.84 85 1.54 72 
5’-Nucleotidase after ryegrass............. 4.45 78 1.54 72 


that even a crude preparation would readily hydrolyze the 3’-P-benzyl 
esters of adenosine and cytidine but had no effect on the corresponding 2’ 
esters. They also observed a 50 per cent hydrolysis of guanosine 2’-3’ 
cyclic phosphate by the same preparation. 

Cyclic nucleoside phosphates are apparently hydrolyzed much less 
readily than RNA by purified preparations of ryegrass ribonuclease. 
When cyclic adenosine and cytidine phosphates were incubated for several 
hours with 15-fold purified ryegrass ribonuclease, no changes could be de- 
tected by chromatography in the Na,HPO, system of Carter (27). Incu- 
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bation of cyclic adenosine phosphate for 24 hours with a large excess of 
enzyme resulted in release of about 50 per cent of the total phosphate as 
inorganic phosphate. Chromatography indicated the formation of a con- 
siderable amount of adenosine, together with small amounts of 2’- and 
3’-adenylic acids and adenine. The adenosine and inorganic phosphate 
may have been formed by the action of 3’-nucleotidase present in the prep- 
aration. It is of interest that Pierpont (28) has recently reported that 
purified pea leaf ribonuclease hydrolyzes cyclic purine nucleoside phos- 
phates to 3’-nucleotides. The appearance of adenine agrees with previous 
observations which indicate that a number of plant materials possess nu- 
cleosidase activity. From the postulated 3’ specificity of ryegrass ribo- 
nuclease, the chief product resulting from the action of this enzyme on a 
cyclic nucleoside 2’-3’-phosphate ought to be a 2’-nucleotide, but only a 
small amount of such a product could be detected. The possibility re- 
mains that the observed cleavage of cyclic nucleoside phosphates upon 
prolonged incubation with ryegrass preparations is due to some other di- 
esterases. It is interesting to note that spleen ribonuclease, which hydro- 
lyzes RNA to 3’-nucleotides and very slowly hydrolyzes cyclic nucleoside 
phosphates to 2’-nucleotides (29), can be purified to a point where it will 
not attack the cyclic phosphates at all (R. J. Hilmoe, personal communi- 
cation). Such observations raise some doubts as to the advisability of 
using cyclic nucleoside phosphates as model substrates in the study of 
ribonuclease specificity. 


DISCUSSION 


The present data are assumed to warrant the conclusion that ryegrass 
3’-nucleotidase, ribonuclease, and deoxyribonuclease are three separate en- 
zymes. Ryegrass ribonuclease is apparently specific for the 3’ portion of 
the 3’-5’ diester linkage of RNA, and therefore yields 5’-mononucleotides 
as products. The mononucleotides formed by the action of ryegrass de- 
oxyribonuclease also appear to be in the 5’ configuration. Extracts of 
potato tubers and soy bean leaves, which contain active 5’-nucleotidases, 
release much of the phosphate of RNA as inorganic phosphate. It is of 
interest that Jono (30), who measured the RNase activity of a large num- 
ber of plants by following the release of inorganic phosphate from RNA, 
reported the greatest activity in germinating soy beans. 

The plant ribonucleases so far studied appear to resemble those found in 
snake venom and in intestinal phosphatase preparations (31) in that deg- 
radation is complete and most of the products appear to be 5’-mononucleo- 
tides. Whether the ribonuclease and deoxyribonuclease activity of snake 
venom and intestinal phosphatase is due to specific enzymes or to the 
presence of a non-specific diesterase is still uncertain. The “‘diesterase”’ of 
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spleen, which hydrolyzes RNA completely to 3’-mononucleotides (29), has 
recently been resolved into a specific ribonuclease and a specific deoxyribo- 
nuclease (32). 

Some bacteria also appear to possess ribonucleases similar to those found 
in plants. For example, extracts of an unclassified soil bacterium isolated 
by Wang and Lampen (33) were found to release almost all of the phos- 
phate of RNA as inorganic phosphate. These extracts also contain a very 
potent 5’-nucleotidase (34) and have very little non-specific phosphatase 
activity. The inorganic phosphate would therefore seem to have arisen 
from 5’-mononucleotides released by the action of these extracts on RNA. 


The author wishes to thank Dr. N. O. Kaplan for his continued interest, 
advice, and encouragement, and Mr. Francis E. Stoltzenbach for technical 
assistance. 


SUMMARY 


1. The ribonuclease of germinating ryegrass has been purified some 50- 
fold and partially separated from the accompanying enzymes deoxyribo- 
nuclease and 3’-nucleotidase. It was also possible to purify the deoxyribo- 
nuclease activity about 30-fold. 

2. The optimal pH of ryegrass ribonuclease is 4.5. That of the deoxy- 
ribonuclease is 5.0 to 5.5. 

3. Ryegrass ribonuclease is much more heat-stable than the deoxyribo- 
nuclease or the 3’-nucleotidase. This heat stability is greatest at pH 7 to 
9 and appears to increase during purification. The heat stability of 3’-nu- 
cleotidase also increases with purification, and purified preparations are 
made more heat-labile by the addition of small amounts of crude extracts. 

4. Cysteine and KCN inhibit the ribonuclease and deoxyribonuclease 
much more strongly at hydrogen ion concentrations above pH 5 than at 
more acid pH values. 

5. The 3’-nucleotidase activity of barley was found to increase over 
10-fold during germination whereas the ribonuclease activity increased 
about 3-fold, and there was little change in the activity of 5’-nucleotidase 
or non-specific phosphatases. 

6. The digestion products of ryegrass ribonuclease and of the deoxyribo- 
nuclease are not precipitated by uranyl acetate in trichloroacetic acid. 
Since they are readily dephosphorylated by both prostatic phosphatase and 
by 5’-nucleotidase, they appear to consist mostly of 5’-mononucleotides. 
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ISOCITRITASE: ENZYME PROPERTIES 
AND REACTION EQUILIBRIUM* 


By ROBERTS A. SMITHf anp I. C. GUNSALUS 
(Departments of Bacteriology and Chemistry, University of Illinois, Urbana, Illinois) 


(Received for publication, April 25, 1957) 


A new aldol reaction has been described (1, 2) in which L,(+)-isocitric 
acid (3) is reversibly cleaved to glyoxylic and succinic acids by the enzyme 
“isocitritase”’ (4, 5). This enzyme has been found in a wide variety of 
aerobic and facultative bacteria (6) and in yeasts and other fungi (4), 
and the growth conditions which favor optimal enzyme formation have 
been shown to be aerobic with organic acids as the energy source (6). 
Growth of a facultative organism in the presence of glucose completely 
repressed isocitritase formation, whereas the aerobic organisms produced 
less, but measurable amounts, of the enzyme (6). Earlier publications 
(1, 7) from this laboratory reported requirements for a divalent metal 
and a sulfhydryl compound, cysteine or GSH,' for maximal enzymatic 
activity of a partially purified isocitritase. 

The reversibility of the isocitritase reaction was first indicated (8) by 
experiments with a crude extract of Pseudomonas aeruginosa, strain 9027, 
and was later measured both by coupling to isocitric dehydrogenase and 
by exchange experiments with C"-labeled succinate (7). The present 
paper concerns the properties and partial purification of isocitritase and 
defines the stoichiometry, equilibrium, and energetics of the reaction 
catalyzed by this enzyme. 


Materials and Methods 


Bacteriological—P. aeruginosa, strain 9027, was grown at 30° in a medium 
containing, in percentage units, sodium acetate 0.5, NH,«H2PO, 0.3, 
monosodium glutamate 0.1, MgSO,-7H.2O 0.1, FeSO,-7H2O 0.0005, and 
yeast extract (Difco) 0.01. 14 liters of medium were autoclaved in a 5 
gallon Pyrex carboy, cooled, and inoculated in the same medium with 1 


* Supported in part by the Atomic Energy Commission and the Office of Naval 
Research. 

t Du Pont Predoctoral Fellow in Biochemistry, 1954-55, Departments of Bacteri- 
ology and Chemistry, University of Illinois. 

1 The abbreviations used throughout this paper include GSH, glutathione; TPN*, 
triphosphopyridine nucleotide; DiNPH, 2,4-dinitrophenylhydrazine or 2,4-dinitro- 
phenylhydrazone; Tris, tris(hydroxymethyl)aminomethane; Versene, ethylenedi- 
aminetetraacetic acid; CoA, coenzyme A; TCA, trichloroacetic acid; PS, protamine 
solution; GS, gel solution. 
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liter of a culture shaken for 16 hours. The 5 gallon culture, when grown 
in a laboratory fermenter with continuous aeration (1 volume of air per 
minute) and agitation, reached maximal growth in about 7 hours. The 
cells were harvested with a Sharples centrifuge and washed once with 0.02 
M potassium phosphate buffer, pH 7.0; yield, 6 gm. of wet cells per liter. 
The cells were suspended to a level of 250 mg. of wet weight per ml. 
of 0.02 m phosphate buffer, pH 7.0, containing 0.5 mg. per ml. of GSH and 
were disintegrated by treatment with a 10 ke. Raytheon oscillator for 
20 minutes. The cell debris was removed by centrifugation at 32,000 x 
g for 1 hour in a type SS-1 Servall centrifuge in a cold room at 5°, and the 
supernatant fluid (extract) was used for enzyme fractionations. 
Preparations; Chemical—cis-Aconitic anhydride was prepared from 
trans-aconitic acid by the method of Malachowski and Maslowski (9). 
L.(+)-Isocitric acid was recovered from dried leaves of Bryophyllum 
crenatum? as described by Vickery (10) or from fresh Sedum spectabile 
leaves and stalks* by alcoholic extraction as follows: Each kilo of fresh 
tissue was homogenized batchwise in a Waring blendor with 300 ml. of 
50 per cent EtOH and the filtrate was collected through coarse paper. 
The residue was pressed in a Carver press, reextracted with 300 ml. of 
50 per cent EtOH, and stored overnight at 5°, and the filtrate was again 
collected. The combined filtrates were concentrated in vacuo at a tempera- 
ture below 40° to yield 2 liters of dark brown syrup. An equal volume of 
alcohol was added and the precipitate which formed collected by filtration. 
This pectin-containing precipitate was further dehydrated by trituration 
with alcohol followed by ether and was finally dried in vacuo at room tem- 
perature over CaSQ, (Drierite). The product contained about 25 per 
cent by weight L,(+)-isocitric acid according to the isocitric dehydrogenase 
assay (11), and treatment of 100 gm. of this material by Vickery’s pro- 
cedure (10) yielded 9 to 10 gm. of crystalline L,(—)-dimethylisocitric 
lactone (45 per cent yield). The crystalline lactone melted at 105-106° 
and showed a rotation [a]?° —65°. After saponification with KOH, it as- 
sayed 100 per cent L,(+)-isocitrate with isocitric dehydrogenase (11). 
Sodium glyoxylate monohydrate was prepared by hydrolysis of di- 
bromoacetic acid which was synthesized according to the procedure of 
Genvresse (12). 40 ml. aliquots of a 10 per cent aqueous solution of di- 
bromoacetic acid were sealed in 70 ml. Carius tubes and heated for 14 
hours at 135°. After cooling, the tubes were opened, the contents rinsed 
into an evaporating dish, and excess water and HBr removed by evapora- 
tion at 110° on a sand bath until a slight tinge of yellow appeared. This 


2? We are indebted to the Botany Department of the University of Illinois for a 
supply of Bryophyllum crenatum plants. 
3 We wish to thank Dr. W. A. Wood for the alcoholic extract of Sedum spectabile. 
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solution was transferred to a vacuum desiccator and allowed to stand over 
P.O; and moist NaOH at room temperature until reduced to a viscous 
syrup. The syrup was dissolved in a minimum of water and neutralized 
with NaOH, and the sodium glyoxylate monohydrate was crystallized 
by the procedure of Metzler et al. (13) (72 per cent yield). The product 
was dried in vacuo over P2O; and found to assay 100 per cent sodium glyoxy- 
late monohydrate by the colorimetric procedure of Friedemann and Haugen 
(14). Asastandard, a sample was used of crystalline 2 ,4-dinitrophenylhy- 
drazone (DiNPH®*) of glyoxylic acid which had been recrystallized twice 
from 85 per cent methanol (melting point 190°). 

Assays; Chemical—Glyoxylate was assayed as its DiNPH by the method ~ 
of Friedemann and Haugen (14) except that no solvent extraction was used, 


TABLE 
Enzymatic Formation of Glyorylate from 1,(+)-Isocitrate 
Components Glyoxylate formed 
pumoles 


— - —-- — 


The complete reaction mixture contained, in micromoles per 1.5 ml.: Tris buffer, 
pH 7.6, 100; Ls(+)-isocitrate, 5; cysteine hydrochloride, 2; MgCl:, 3; and enzyme 
(ammonium sulfate III, Table II = 0.11 mg. of protein). Incubation, 10 minutes 
at 30° under No. 


since other keto acids were either absent or were detectable only in trace 
amounts by the chromatographic procedure of Cavallini et al. (15). 

Radioactivity was measured after wet oxidation of the respective acids 
to BaC"O; by the persulfate method of Osburn and Werkman (16). 
Succinic and isocitric acids were separated on a Dowex | column according 
to the procedure of Busch et al. (17) after conversion of the glyoxylic acid 
to its DiNPH. Glyoxylic acid DiNPH did not migrate and was collected 
from the top of the column by extraction with 10 per cent Na2CO; after 
the isocitric and succinic acids had been recovered separately. 

Assays; Enzymatic—.,(+)-Isocitric acid was assayed by TPNt reduc- 
tion with isocitric dehydrogenase obtained from pig heart according to 
Ochoa (11). 

Isocitritase activity was measured in an assay system which contained 
in 1.5 ml. (13 by 100 mm. test tubes) the following reactants in micro- 
moles: Tris buffer, pH 7.6, 100; MgCl. 3; cysteine-hydrochloride (un- 


| 
5 


308 ISOCITRITASE 


neutralized) 2; enzyme and substrate 5. After 10 minutes incubation at 
30°, the reaction was stopped by addition of 0.1 ml. of 80 per cent TCA. 
For analysis, the mixture was centrifuged to remove protein and an aliquot 
containing 0.1 to 1.5 wmoles of glyoxylate was diluted to 1 ml. and added 
to 1 ml. of 0.1 per cent DiNPH in 2 n HCl in an 18 mm. colorimeter tube. 
After 5 minutes at room temperature, 2 ml. of 95 per cent EtOH, 1 ml. 
of H2O, and 5 ml. of 1.5 n NaOH were added and the color intensity was 
read in an Evelyn colorimeter with the 540 my filter 3 minutes after addi- 
tion of the alkali; with 10 ml. volume in an 18 mm. colorimeter tube; 
micromoles per sample = 1.07 X absorbance. 

1 unit of isocitritase was defined as that amount of enzyme required to 
form 1 umole of glyoxylate in 10 minutes at 30° from L,(+)-isocitrate in 
the protocol given above (see also Table I). 


Results 


The observation that extracts of aerobically grown pseudomonads 
yielded from tricarboxylic acids a keto acid other than ketoglutarate and 
pyruvate led to the chromatographic identification of this substance as 
glyoxylate. The specific substrate and the stoichiometry of the reaction 
could not be defined with the initial extract because of interfering enzymes 
which equilibrated the tricarboxylic acids (aconitase) and those which 
catalyzed further reactions of glyoxylate. Therefore, preliminary frac- 
tionation of the extracts and a definition of the reaction were interde- 
pendent. 

Glyoxylic Acid; Identification and Measurement—Glyoxylic acid was 
identified as a product of the isocitritase reaction both by chromatography 
and by the ultraviolet spectrum of its DiNPH. Glyoxylate formation 
could be demonstrated by incubating 2 ml. of a sonic pseudomonad extract 
(about 40 mg. of protein) at 30° under nitrogen, at pH 7.6, with any of the 
tricarboxylic acids (citrate, cis-aconitate, or pL-isocitrate) (Fig. 1). The 
dinitrophenylhydrazones of the keto acids formed in the enzyme reactions 
and of pyruvic and glyoxylic acids, when chromatographed by the pro- 
cedure of Cavallini et al. (15) as reported, each showed two well defined 
spots. As observed in Fig. 1, the R, of the keto acid formed in the enzy- 
matic cleavage of all three tricarboxylic acids corresponds to the DiNPH 
of glyoxylate. 

The ultraviolet absorption spectrum of the crystalline glyoxylic DiNPH 
and the product formed enzymatically from L,(+)-isocitrate are shown in 
Fig. 2, A, and the spectra of a-ketoglutaric and pyruvic DiNPH in Fig. 
2, B. As noted, the spectra of these three keto acid dinitrophenylhy- 
drazones are readily distinguishable, and the spectrum of the reaction 
product coincided with that of glyoxylic DiNPH. The extinction ratios 
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Fic. 1. Chromatographic identification of keto acids. Reaction contained in mi- 
cromoles per 12 ml.; Tris buffer, pH 7.6, 400; substrate as shown, 25; extract = 40 
Reaction for 45 minutes at 30° under Ne, stopped with 0.5 ml. of 10 
The dinitrophenylhydrazones of the 


mg. of protein. 
n H,SO, and the solution boiled for 5 minutes. 
keto acids formed were prepared by incubating the extract with an equal volume of 
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cis- 
SUBSTRATE! CITRATE ACONITATE IISOCITRATE ST ANDARDS| R¢ 
PRODUCTS 
found 
GLYOXYLIC @ @ 0.41 
PYRUVIC @ 0.50 
PYRUVIC ° 0.65 
SOLVENT FRONT 


0.1 per cent DiNPH in 2 n HCl for 30 minutes at 37°. 


Cavallini et al. (15). 


Fic. 2. Ultraviolet absorption spectra of keto acid 2,4-dinitrophenylhydrazones. 
A, glyoxylate and isocitritase reaction product; B, pyruvate and a-ketoglutarate. 
2umoles of keto acid in 1 ml. treated with 1 ml. of 0.1 per cent 2,4-dinitrophenylhy- 
drazine in 2 N HCI for 30 minutes, diluted 1:1 with 3.0 N NaOH and the spectrum 
measured in a Beckman DU spectrophotometer. 


rapidly, about 10 per cent per 10 minutes. Therefore extinction values are approxi- 
mate. 


OPTICAL DENSITY 


After extraction with ethyl 
acetate, the dinitrophenylhydrazones were chromatographed by the procedure of 
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490:540 mu of the dinitrophenylhydrazones of these three keto acids differ 
considerably; glyoxylic DiNPH gave a ratio of 1.9, and the pyruvie and 
a-ketoglutaric dinitrophenylhydrazones gave ratios, respectively, of 1.1 
and 1.0. Thus, in addition to determining the quantity of keto acid by 
the direct method of Friedemann and Haugen (14), the light absorption 
ratio indicated whether only glyoxylate or also other keto acids were present 
in the mixture. 

Succinic Acid; Identification—An aliquot of the reaction mixture of 
enzyme and L,(+)-isocitrate examined for glyoxylate in Fig. 2, A was 
acidified and extracted for 8 hours in a continuous liquid-liquid extractor 
with peroxide-free ether. 0.3 ml. of 0.02 m phosphate buffer, pH 7.0, 
was added to the ether extract. The ether was evaporated and the residue 
chromatographed, along with a 1 wmole sample of succinate treated simi- 
larly, on Whatman No. 1 filter paper with n-butanol; 4 N formic acid 
(60:40) as solvent. After removal of volatile acids by steaming, the 
fixed acids revealed by 0.02 per cent chlorophenol-red spray were succinic 
and isocitric. 

I socitritase 

Purification—An extract of P. aeruginosa was fractionated for isocitritase 
as shown in Table II, all the procedures being carried out at 0—3° unless 
otherwise specified. Ammonium sulfate was recrystallized from a slightly 
ammoniacal 0.02 m Versene solution according to Beisenherz et al. (18). 
The protein content was adjusted to 10 to 15 mg. per ml. for ammonium 
sulfate fractionation, except after gel treatment, in which case the level had 
been reduced to about 2 mg. per ml. by dilution with the gel. Protein 
measurements in extracts with a 280:260 my light absorption ratio of 
less than 1 were obtained by the TCA method of Stadtman et al. (19) and 
in extracts with a 280:260 muy ratio greater than 1 by calculation according 
to Warburg and Christian (20). 

A typical fractionation (Table II) was performed on 300 ml. of extract 
prepared by sonic disintegration, and contained 17.5 mg. of protein and 
22 isocitritase units per ml.; 7.e., specific activity 1.25. 

The first ammonium sulfate fraction containing isocitritase was prepared 
by the slow addition with stirring of 46.5 gm. of solid ammonium sulfate 
(0.22 saturation). The precipitate was collected by centrifugation and 
discarded, and the supernatant fluid brought to 0.75 saturation by the 
further addition of 113.5 gm. of solid ammonium sulfate under the same 
conditions as before. The precipitate, ammonium sulfate I, when dis- 
solved in 225 ml. of 0.02 m potassium phosphate buffer, pH 7.0 (containing 
10-* m cysteine and 10-* m Versene), assayed 18 mg. of protein per ml. 
and about 90 per cent of the initial isocitritase activity; specific activity = 
1.6. 
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Nucleic acid was removed from this solution, after the pH was adjusted 
to 6.0 by dropwise addition of 1 N acetic acid with constant stirring, by 
the slow addition of 0.1 volume (22 ml.) of protamine sulfate* (20 mg. per 
ml.; pH 5). The protamine nucleate precipitate was removed by centri- 
fugation and left a supernatant solution with a light absorption ratio 
280:260 my of 0.9. Dialysis overnight against 0.01 mM potassium phosphate, 
pH 7.0, yielded an additional precipitate. After centrifugation, the 
supernatant solution (PS) contained 16 mg. of protein per ml. and 85 
per cent of the original isocitritase activity; specific activity = 1.8. 

Gel treatment afforded further purification by adsorbing inactive protein. 
The PS fraction was adjusted to pH 5.5 with 1 N acetic acid and 1 ml. 
aliquots subjected to treatment with increasing amounts of calcium phos- 


TaBLeE II 
Fractionation of P. aeruginosa Extracts 
Fraction Protein 
| 

Ammonium sulfate I, 0.22-0.75 saturation. .............. 4.03 6.34 1.6 
Ammonium sulfate II, 0.43-0.56 saturation.............. 0.23 3.66 16.0 
“ III, 0.50-0.55 saturation.............. 0.047 | 1.63 35.0 


Protocol as in Table I. 
* Obtained by sonic disintegration of 60 gm. of cell paste; for the details, see 
the text. 


phate gel prepared according to Keilin and Hartree (21) (26 mg. of solids 
per ml.). 0.7 volume of gel removed a maximal amount of protein without 
appreciably adsorbing the isocitritase. ‘Therefore, to the remaining PS 
fraction (224 ml.), pH 5.5, were slowly added 158 ml. (0.7 volume) of 
calcium phosphate gel, and the suspension was stirred gently for 20 minutes. 
The gel was collected by centrifugation, and the supernatant solution (GS), 
volume 363 ml., was found to contain 70 per cent of the original isocitritase 
activity at a specific activity of 5.8. 

A second ammonium sulfate fractionation achieved further purification 
as follows: The GS fraction, 360 ml., 2.2 mg. of protein per ml., was treated 
with 110 gm. (0.43 saturation) of ammonium sulfate, the precipitate was 
discarded, and the supernatant solution was brought to 0.56 saturation 
by further addition of 33 gm. of ammonium sulfate. The precipitate, 


‘ Supplied by Eli Lilly and Company. 
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ammonium sulfate II, when dissolved in 16 ml. of 0.02 m potassium phos- 
phate buffer, contained 50 per cent of the original enzyme at a specific 
activity of 16. 

An alkaline ammonium sulfate precipitation of the ammonium sulfate 
II brought the specific activity to 35. This was accomplished by adding 
1 volume of saturated ammonium sulfate, adjusted to pH 7.5 and con- 
taining 10-4 m Versene, to 1 volume of the ammonium sulfate II containing 
10 mg. of protein per ml. The precipitate contained little activity and 
so was discarded, and an additional 0.22 ml. (0.55 saturation) of the 
saturated alkaline ammonium sulfate was added per ml. of original am- 
monium sulfate II solution. The precipitate, ammonium sulfate III, 
upon being dissolved in 0.02 M potassium phosphate buffer, pH 7.0, at 0.3 
ml. per ml. of ammonium sulfate II fractionated, contained 25 per cent of 
the original isocitritase at specific activity 35.5 

The enzyme at this purity was reasonably stable in the frozen state, 
— 20°, but upon storage for 9 months lost 75 per cent of its activity, which 
was not restored by addition of cysteine or metals. 

Activators—During the first attempts to fractionate isocitritase, the 
enzymatic activity was usually lost after protamine treatment or upon 
aging. The addition of cysteine or glutathione to the assay mixture in 
the presence of MgCle, however, permitted nearly complete recovery of 
activity. Dialysis of ammonium sulfate II (Table II) against 0.02 m 
Versene, pH 7.4, for 20 hours at 5°, followed by 14 hours dialysis against 
0.02 m KCl at the same temperature, rendered isocitritase activity com- 
pletely dependent upon metal and sulfhydryl compounds. The saturation 
curves for Mg++, cysteine, and GSH (Fig. 3) show that GSH is less active 
than cysteine, both in affinity and in the maximal activity reached. Fer- 
rous and cobaltous ions restore about 40 per cent and manganous ions about 
20 per cent of the activity given by magnesium ions at the concentration 
of its maximal activity. 7 

Coenzyme A is not required for isocitritase action since treatment with 
Dowex 1 chloride (22), under conditions which removed all the CoA from 
the preparation, as measured by the transacetylase assay (19), did not 
depress its activity. 

Isocitritase is active over a wide range of pH with a maximal activity 
at pH 8.0 to 8.5 (Fig. 4). In most experiments, however, the reaction was 
run at pH 7.6, where the reaction rate is nearly maximal, and glyoxylate, 
which is alkali-labile, is less rapidly destroyed. 

Stoichiometry—Fractionation of sonically prepared extracts to remove 


5 Recently, in our laboratory Mr. H. H. Daron has achieved about 100-fold puri- 
fication of isocitritase by this procedure. 
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the enzymes which catalyze side reactions permitted definition of the 
isocitritase-catalyzed reaction as 


Mg*t*, RSH 


e | Ls(+)-Isocitrate < > glyoxylate + succinate (1) 


B Although citrate, cis-aconitate, and isocitrate all serve as substrates with 
- | fresh extracts, removal of aconitase either by aging or by fractionation 
removed activity for all but isocitrate (Table III). Glyoxylate, as shown, 
was stable in the presence of the purified enzyme preparations. | 


ISOCITRITASE — ACTIVATORS 


ISOCITRITASE - 
pH DEPENDENCE — 


fe) 


2 
| = 

x 3 
CYSTEINE 
LO 
n 
of : 
MOLES Mg’*or RSH / ML. pH 

Fia. 3 Fia. 4 


Fic. 3. Isocitritase cofactor saturation. Reaction contained in micromoles per 
1.5 ml.; Tris buffer, pH 7.6, 100; enzyme ammonium sulfate II (Table II) = 0.2 mg. 
of protein; Ls(+)-isocitrate, 5; MgCls, 3, or as indicated; RSH cysteine, 2.0, or as 
it _—s indicated; reaction for 10 minutes at 30° under Ne, stopped by addition of 0.1 ml. 
n of 80 per cent TCA. 

) Fic. 4. pH-dependence of isocitritase; protocol as for Fig. 3; enzyme, ammonium 
sulfate III = 0.11 mg. of protein. See Table II. 


ho 

y Substrate Affinity and Product Inhibition—The reaction rate curves 

at for enzyme saturation by L,(+)-isocitric acid and the influence of the prod- 
ucts on the rate are shown in Fig. 5. A plot of the reciprocal of velocity 

iy versus the reciprocal of L,(+)-isocitrate concentration was linear and 

” extrapolated to a Michaelis constant, K,,, of 4.5 X 10-‘m. Both succinate 

e, and glyoxylate inhibit isocitrate cleavage in a non-competitive manner, 


as indicated from reciprocal plots of their concentration versus the reaction 
ve rate. These constants, calculated by the Lineweaver-Burk (24) equation 
for non-competitive inhibition, were 7 X 10-* m for succinate and 2 X 1073 
M for glyoxylate. Although the reaction is reversible, 7.e. L.(-+)-isocitrate 
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is formed from glyoxylate plus succinate (see below), Michaelis constants 
for glyoxylate and succinate as substrates were not measured. 

Reversibility and Hquilibrium—The reversibility of this reaction was 
suggested both by the initial experiment of Campbell and Smith (25) with 
extracts of P. aeruginosa and by subsequent experiments of Olson (4) with 
extracts of Penicillium chrysogenum. Both groups reported an accumula- 
tion of citrate upon incubation of the extracts with glyoxylate plus suc- 
cinate. Presumably the citrate was formed by the combined action of 
isocitritase and aconitase. To determine whether Reaction 1 was freely 


TaBLeE III 
Stoichiometry and Substrate Specificity 
Products formed 
Fraction and substrate Added Used 
Glyoxylate}| Succinate 
pmoles pmoles pmoles pmoles 
Extract 
12.5 1.40 
20.0 8.28 7.27 8.35 
Isocitritase (ammonium sulfate II)* 
12.5 Nil 


Reaction volume 3 ml., containing 5 units of isocitritase; reactants as in Table I 
except for substrate. Succinate was determined with pig heart succinoxidase (23) 
on an aliquot deproteinized by being boiled 5 minutes in 2 N H,SQ,. Glyoxylate was 
determined on the TCA filtrate and isocitrate with isocitric dehydrogenase as indi- 
cated under ‘‘Materials and methods.’’ 

* See Table II. 


reversible, isotope exchange and stoichiometric measurements were made 
with the purified enzyme. 

The catalytic incorporation of succinate-2,3-C™ into isocitrate in the 
presence of glyoxylate is shown in Table IV. With 0.005 m each of glyoxy- 
late and succinate, slightly more than 1 ymole of isocitrate accumulated. 
The C" specific activity was equal, on a molar basis, to the succinate 
added. Succinate and isocitrate were separated on a Dowex 1 column 
(17) after forming glyoxylic DiNPH. The succinate recovery was quanti- 
tative (8.8 + 1.2 uwmoles), whereas 0.3 umole of glyoxylate was not ac- 
counted for (9.6 + 1.2 = 10.8 umoles as compared to 11.1 wmoles added). 
Since an excess of enzyme was used in this experiment and equilibration 
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ISOCITRITASE REVERSIBILITY 


e 0.5 
L- (+ 
| 
_ 2.5 “MOLES 
6 A SUCCINATE & 

2.5 MOLES 
| | SUCCINATE 

GLY OXYLATE 
ee 5 30 45 6 75 
MOLES L(+) ISOCITRATE / ML. 
Fia. 5 Fig. 6 


Fic. 5. Isocitritase substrate saturation; protocol as for Fig. 3; as added, suc- 
cinate, 1.25 wmoles per ml.; glyoxylate 1.55 wmoles per ml. Reaction mixtures pre- 
incubated for 5 minutes and reaction started by addition of isocitrate and stopped 
with 0.1 ml. of 80 per cent TCA at 7 minutes. 

Fic. 6. Reversibility; TPN reduction in presence of isocitric dehydrogenase. Re- 
action volume, 1.5 ml., in 0.5 em. quartz cuvettes containing, in micromoles, Tris 
buffer, pH 7.6, 100; MgCl., 1.5; MnCle, 2.0; cysteine, 2.0; succinate, 2.5; TPN*, 0.25; 
and isocitric dehydrogenase (pig heart) = 310 Ochoa units plus isocitritase = 15 
units; additions as shown. 


TaBLeE IV 
Incorporation of Succinate-2,3-C'* into Isocitrate 
Substrates and products Substrates added initially Products formed after 30 min. 
: total c.p.m. X total c.p.m. X 
pmoles c.p.m. X pmoles c.p.m. X 10-3 per 
io-4 pmole umole 
11.1 0 0 9.6 0 0 
ae ae 10 25 2.5 8.8 23 2.6 
0 1.2 2.5 2.0 


Reaction volume 2 ml., containing in micromoles, Tris buffer, pH 7.6, 100; MgCl, 
3; cysteine, 2.5; succinate 10 (2.5 K 103 c.p.m. per umole); enzyme = 15 units. Re- 
action was started with 11.1 wmoles of glyoxylate. After 30 minutes incubation at 
27°, the reaction was stopped by adding 0.2 ml. of 10 N formic acid. Isocitrate and 
glyoxylate were measured in aliquots of the reaction mixture, and the remainder was 
treated with excess DiNPH carrier succinate and isocitrate added and these acids 
were separated on a Dowex 1 formate column. All compounds were counted as 
BaC'O, after wet combustion. 
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had occurred, the data served for a preliminary estimation of the equilib- 
rium constant; the reaction written in the direction of condensation 


Ls(+)-Isocitrate 0.6 1073 
(Glyoxylate) (succinate) (4.8 * 44) X 


Keq = 284 

The reversibility of the reaction was also readily demonstrated by ob- 
serving TPN reduction in the presence of isocitric dehydrogenase (11) 
and isocitritase (Fraction 6, Table II) with glyoxylate and succinate as 
substrates (see Fig. 6). 


TABLE V 
Equilibrium Constant 
The values were given in millimoles per liter. 


Additions, 0 min. Found at equilibrium, 30 min. _ (isocitrate) 
lyoxylate)- 
succinate) 

Succinic acid Glyoxylic acid | Succinic acid | Glyoxylic acid | Isocitric acid at 27° 
6.67 3.53 5.97 2.97 0.73 41.1 
3.33 3.53 3.08 2.90 0.39 43.6 
6.67 7.06 5.45 6.28 0.70 20.4 
5.00 5.00 4.55 4.52 0.45 21.9 
5.20 5.00 4.50 4.40 0.50 25.3 
4.10 4.00 3.45 3.50 0.55 45.6 

Le(+)-Isocitric acid 
1.67 1.67 1.63 0.067 24.6 
5.00 4.37 4.30 0.63 33.5 
4.21 3.66 3.70 0.53 39.2 
4.21 3.80 4.02 0.41 26.9 
4.57 3.94 4.07 0.67 41.7 
2.68 2.40 2.40 0.26 45.1 
3.33 3.10 3.03 0.36 38.3 
5.00 4.26 3.52 0.55 36.7 


The conditions and assay are as in Table III. Enzyme, 10 units ammonium sul- 
fate II, Table II. 


Further estimates of the equilibrium constant were obtained by starting 
with both sets of substrates at several concentrations. In each case, 
measurements were made as a function of time until two or more analyses 
indicated no further change of reactant concentrations. In each case, 
an enzyme excess was used in the presence of sufficient Mgt+ and cysteine 
for maximal activity. Fourteen measurements of the equilibrium con- 
stant (Table V) averaged 34.6 with extremes of 20.4 and 45. The measure- 
ments were for pH 7.6, 27°, with substrate concentrations ranging from 
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0.0016 to 0.005 m. A K,, of 34.6 corresponds to a AF of about —2100 
calorie in the direction of isocitrate synthesis. However, in view of the 
first order kinetics of the cleavage and second order kinetics of the con- 
densation, the distribution of the reactants at low substrate concentration 
is far toward glyoxylate and succinate. Thus, at 1 mm concentration (1 
umole per ml.), only 3 per cent of the substrate is present as isocitrate, 
whereas at 1 M concentration 85 per cent would be present as isocitrate. 

Distribution and Formation—lsocitritase has so far been found only in 
aerobic (6) and facultative (4) bacteria and in fungi (4) grown aerobically 
on organic acid-containing media. Growth on carbohydrates as the 
energy source, however, represses the formation of this enzyme by aerobic 
bacteria and completely inhibits its formation in the facultative bacterium, 
Escherichia coli. Animal tissues from the organs of several species have 
been examined without isocitritase being detected. Among the prepara- 
tions tried were homogenates of rabbit muscle, calf brain and rat muscle, 
kidney, and liver. 


DISCUSSION 


The aldol reaction catalyzed by isocitritase represents a new type of 
tricarboxylic acid transformation in many ways similar to the reaction 
catalyzed by citritase (26, 27), but quite different from the reaction cata- 
lyzed by the condensing enzyme (28). The condensing enzyme, Reaction 
2, represents the hydrolysis of a thio ester as driving force; 


Oxalacetate + acetyl-SCoA + H,O =— citrate + CoASH (2) 


In contrast, both citritase and isocitritase catalyze aldol condensations 
which involve neither water nor thio ester cleavage. The mechanism of 
the isocitritase-catalyzed reaction illustrated in the accompanying diagram 


KE 


HO-C- COOH 
C-COO#H H-C-COOH (3) 
H,~-C-COOH H;-C-COOH 


will require further study. This aldol condensation, like the citritase 
reaction (8), occurs with a negative-free energy in the direction of con- 
densation. Like all aldol condensations, however, the difference in number 
of reactants on the two sides of the equation introduces a large concentra- 
tion effect. 

Unlike the anaerobically induced citritase, isocitritase occurs widely 
in aerobic and facultative organisms, many of which have been shown to 
possess the enzymes of the tricarboxylic acid cycle. 

Glyoxylic acid formation from L,(+)-isocitric acid suggests an important 
source of amino acid and formate precursors and lends support to the 


318 ISOCITRITASE 


suggestion of Krebs et al. (29) of a biosynthetic role for the tricarboxylic 
acid cycle intermediates. Glycine transaminases of glyoxylate have been 
reported in several organisms (30). Glyoxylic acid is also oxidatively 
cleaved to COz and formate by several pseudomonads (31). It is interest- 
ing to speculate that L,(+)-isocitric acid may act as the carbon skeleton 
precursor of serine, by the coupling of this formate-yielding reaction to a 
second mole of glyoxylate. In support of this speculation is the isolation 
from barley leaves incubated with glycolic acid-2 ,3-C" of serine labeled in 
all 3 carbon atoms by Tolbert and Cohan (32). 


SUMMARY 


1. An enzyme has been found in aerobic and facultative microorganisms 
which catalyzed the reversible aldol reaction: 


Glyoxylate + succinate — L,(+)-isocitrate 


2. Aerobic growth on organic acid media favors the production of the 
enzyme, whereas carbohydrate-containing media repress its formation. 

3. The enzyme isocitritase has been purified some 30-fold® from extracts 
of Pseudomonas aeruginosa and shown to require Mgt+ and cysteine as 
activators. 

4. The equilibrium constant written in the direction of isocitrate forma- 
tion is 34 at pH 7.6, 27°, corresponding to a free energy of —2100 calorie. 
This value alters previous views of the energy content of isocitric acid 
compared to the monocarboxylic carbonyl compound, glyoxylic acid, and 
the dicarboxylic succinic acid. 
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AN ENZYMATIC METHOD FOR THE DETERMINATION OF 
FORMIC ACID 


By JESSE C. RABINOWITZ* anv W. E. PRICER, Jr. 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, April 25, 1957) 
The enzyme tetrahydrofolic formylase (1, 2) catalyzes Reaction 1: 
(1) HCOOH + THF! + ATP = 10-formyl-THF + ADP + P, 


By treating the enzymatic product 10-formyl-THF with acid, it is con- 
verted to 5,10-methenyl-THF (3, 4) (Reaction 2), which has a character- 
istic absorption. at X = 350 mu. 


H,N H H 
ZN ZN\ JN 
| | 
N CH—CH, N CH—CH, 
(2) \ \NZ \NZ 
H N—R 3) N—R 
CHO CH 
10-Formyl-THF 5,10-Methenyl-THF 


R = acid 


The present paper describes the preparation of a stable extract from 
lyophilized cells of Clostridium cylindrosporum, which has previously been 
shown to possess tetrahydrofolic formylase activity (5), and its use in the 
determination of formic acid according to Reactions 1 and 2. This method 
provides a sensitive and specific determination of formic acid. 


Methods and Results 


Materials—Folic acid was a purified grade supplied by the California 
Foundation for Biochemical Research, platinum oxide catalyst was ob- 
tained from J. Bishop and Company, Platinum Works, Malvern, Pennsyl- 
vania, and Mallinckrodt analytical reagent grade formic acid was standard- 


* Present address, Department of Biochemistry, University of California, Berke- 
ley 4, California. 

' The following abbreviations have been used; THF, tetrahydrofolic acid; 10-for- 
myl-THF, N*°-formyltetrahydrofolic acid; 5,10-methenyl-THF, the cyclic N5-N?®- 
imidazolinium derivative of 5-formyl-THF (anhydroleucovorin or anhydrocitro- 
vorum factor); ATP, adenosine triphosphate; ADP, adenosine diphosphate; P,, 
inorganic phosphate; MET, 2-mercaptoethanol. 
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ized by titration and diluted for use. The nucleotides were purchased 
from the Sigma Chemical Company, St. Louis, Missouri. The ATP con- 
centration of the solutions used was determined by enzymatic assay (6). 

Enzyme Preparation—An extract was prepared from lyophilized cells 
(7) of C. cylindrosporum which had been stored in vacuo at — 10° for a year. 
2.0 gm. of cells were incubated with 40 ml. of 0.05 mM potassium maleate 
buffer at pH 7.0, 0.05 m with respect to 2-mercaptoethanol, in an evacuated 
vessel at 37° for 30 minutes. The mixture was centrifuged for 10 minutes 
at 40,000 r.p.m. in the Spinco ultracentrifuge. 8.0 ml. of the extract were 
placed in each of four Servall centrifuge cups containing 0.01 ml. of MET. 
5.6 ml. of cold acetone, 0.1 mM with respect to MET, were added while the 
mixture was kept in an alcohol-ice mixture at about —8°. The precipitate 
was collected by centrifugation in a Servall centrifuge at —10° and dis- 
carded. 2.2 ml. of the acetone-MET mixture were added to the super- 
natant solution. The precipitate formed in each tube was collected by 
centrifugation at — 10° and dissolved in 4.0 ml. of 0.02 mM potassium maleate 
buffer, 0.01 mM with respect to MET. This enzyme solution was stored in 
an evacuated tube at 2°; it contains from 10 to 15 mg. of protein per ml. 
(8), and could be stored under these conditions for 2 to 4 weeks, or lyophil- 
ized and stored as a solid under a vacuum at — 10° up to at least 6 weeks. 
The lyophilized powder was dissolved in 0.01 m MET for use. 

Tetrahydrofolic Acid—Folic acid was reduced to dl-tetrahydrofolic acid 
with hydrogen in the presence of a platinum oxide catalyst at atmospheric 
pressure (9, 10). 100 mg. of the platinum catalyst suspended in 25 ml. of 
glacial acetic acid were reduced, and then 500 mg. of folic acid suspended 
in 25 ml. of glacial acetic acid were added to the reaction vessel. The 
suspension was mixed with a magnetic stirrer until the hydrogen uptake 
was complete. The solution of tetrahydrofolic acid was then filtered with 
suction through a coarse sintered glass funnel packed with a Celite pad 
previously washed with glacial acetic acid. The filtrate was collected in 
a vessel which could be connected to a lyophilization apparatus. The 
flask containing the filtrate was flushed with helium and stoppered. The 
solution was frozen and the acetic acid removed by lyophilization, pre- 
cautions being taken to protect the material from light. The product was 
obtained as a white powder and was stored at — 10° in an evacuated desic- 
cator. The solid slowly turns brown under these conditions. However, 
material which had deteriorated 40 to 50 per cent in storage for several 
months was still satisfactory for use in this formic acid assay. 

A solution of the material is prepared by suspending 22 mg. of the dl- 
THF in 5 ml. of 0.1 m MET and adjusting the pH to 7.0 with 1 n KOH. 
The solution may be stored in an evacuated tube at 2° for 1 to 2 weeks. 
The concentration of THF in the solution was determined by the enzymatic 
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assay described below in the presence of an excess of formic acid (10 
umoles). Since only one isomer of dl-THF is used as substrate by this 
enzyme preparation (1, 5), the concentration of dl-THF is twice the amount 
of 5,10-methenyl-THF formed in the assay under these conditions. 
Formic Acid Determination—0.1 ml. of 0.25 M potassium maleate buffer 
at pH 7.0 (0.5 m with respect to MET and 0.1 m with respect to ascorbic 
acid), 0.1 ml. of 0.01 m ATP, 0.1 ml. of 0.1 m MgCl, 0.1 ml. of enzyme 
preincubated in 4 volumes of 0.1 Mm MET for at least 10 minutes, a sample? 
containing 0.02 to 0.1 umole of formic acid, and water to make the total 
incubation volume to 0.95 ml. were mixed. To start the reaction, 0.05 


o.7b - 

0.3- 

0.2F “ 


02 04 06 08 
MICROMOLES FORMIC ACID 


Fic. 1. Formie acid standard curve. See the text for the conditions employed. 
The optical density of the reference cell incubated in the absence of formic acid was 
0.268 when read against a reference cell containing water and is due to degradation 
products formed non-enzymatically from the dl-THF. 


ml. of THF solution was added and the tubes were incubated at 37°. Af- 
ter 10 minutes, 2.0 ml. of 0.25 n HCl were added. The optical density 
at 350 mu was determined at any time between 10 minutes and 1 hour 
after addition of the acid in tubes with a 1 em. light path in the Beckman 
model DU spectrophotometer. A control tube incubated without formic 
acid was used in the reference cell. A standard curve obtained under 
these conditions is shown in Fig. 1. The molar extinction coefficient for 
the product 5,10-methenyl-THF calculated from these data is 24,900 at 
390 mu in 0.17 N HCl. 

Requirements—The dependence of the rate of the reaction upon the con- 
centration of the various components is shown in Fig. 2, A to D. The 


? The formic acid content of enzymatic mixtures may be determined on aliquots 
treated with perchloric acid to stop the enzymatic reaction and subsequently neu- 
tralized with KOH. 
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Fia. 2. A, effect of formic acid concentration. The system containing 5.0 umoles — 


of ATP, 1.5 wmoles of dl-THF, 5.0 umoles of MgCl», 25 wmoles of potassium maleate 
buffer at pH 7.0, 10 wmoles of ascorbic acid, from 0.5 to 15.0 umoles of formic acid as 
indicated, and enzyme equivalent to 4.6 y of protein in a total volume of 1 ml. was 
incubated at 37°. After 10 minutes, 2.0 ml. of 2 per cent perchloric acid were added, 
the protein was removed by centrifugation, and the optical density of the solution 
was determined at 350 my after 10 minutes. Values have been corrected for the ab- 
sorption of a control tube incubated in the absence of formic acid. B, effect of ATP 
concentration. The conditions and the components were the same as those given 
in A, except that 10 wmoles of formic acid and the amounts of ATP indicated were 
used. The values have been corrected for the absorption of a control tube incubated 
in the absence of ATP. C, effect of THF concentration. The conditions and the 
components are the same as those given in A, except that 10 wmoles of formic acid 
and the amounts of dl-THF indicated were used. Each value has been corrected 
for the absorption of a duplicate tube incubated in the absence of enzyme. D, effect 
of Mg** concentration. The conditions and the components were the same as those 
given in A, except that 10 wmoles of formic acid and the indicated amount of MgCl: 
were used. The values have been corrected for the absorption of a control tube 
from which enzyme was omitted. 
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K, for formic acid is 1.7 K 10-* mole per liter (Fig. 2, A); for ATP, 0.22 
10-* mole per liter (Fig. 2, B); for dl-THF, 0.5 X 10-* mole per liter (Fig. 
2, C); and, for Mg**, the value is 0.93 X 10-* mole per liter (Fig. 2, D). 

The enzyme is completely inactivated by dilution in the absence of a 
thiol, and can be reactivated by incubation with MET. Under the condi- 


TaBLeE I 
Recovery of Formic Acid Added to Human Urine As Determined by Enzymatic Assay 

Urine Formate added Formate found Recovery 
mil. pmole pmole per cent 
0.1 0.0250 

0.1 0.0125 0.0365 97 
0.1 0.0250 0.0478 96 
0.1 0.0510 0.0724 95 
0.2 0.0500 

0.2 0.0125 0.0616 98 
0.2 0.0250 0.0723 96 
0.2 0.0510 0.0953 94 
0.3 0.0710 

0.1* 0.0459 

0.2* 0.0865 

0.1f 0.0292 

0.2t 0.0597 


* The urine was steam-distilled at pH 1.5, and 45 volumes of distillate were col- 
lected. The distillate was neutralized, concentrated by evaporation on a steam 
bath, and diluted to the original urine volume. The residue remaining from the 
steam distillation was adjusted to pH 10 with KOH and was concentrated by evapo- 
ration on a steam bath. After being neutralized and diluted to the original urine 
volume, the residue was found to contain 5.4 times the amount of formic acid present 
in the untreated urine sample. 

+t The urine sample was treated with 1 volume of 0.2 N sulfuric acid and was lyo- 
philized. The formic acid content of the distillate has been corrected for the dilu- 
tion attending the lyophilization. When assayed by the method of Grant (13), the 
distillate was found to contain 0.0301 umole of formic acid per 0.1 ml. The residue 
remaining after lyophilization of the sample was diluted to the original urine vol- 
ume and was found to contain 0.003 uwmole of formic acid per 0.1 ml. when assayed 
by the enzymatic method. 


tions of the assay, the inactivated enzyme shows full activity in the pres- 
ence of 5 KX 10-5 m MET and is not inhibited by MET in concentrations 
up to2 X 10°? M. 

Specificity—The following compounds were completely inactive when 
tested for their ability to replace formic acid in the assay at 0.01 and 0.1 
umole: methanol, formaldehyde, formamide, acetic acid, pyruvic acid, 
formamidine, glycine, formylglycine, formylaspartic acid,’ formylglutamic 


Synthetic sample, kindly provided by Dr. A. H. Mehler and Dr. H. Tabor. 
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acid,*? formylanthranilic acid,’ formiminoaspartic acid,’ formiminoglutamic 
acid,’ pL-serine, xanthine, inosinic acid, potassium phosphite. The last 
compound also failed to inhibit the reaction in the presence of formic acid 
(11). Formiminoglycine at 0.1 umole showed some activity, which prob- 
ably results from its enzymatic conversion to glycine, formic acid, and 
ammonia (12). 


ADP and the phosphates of uridine, inosine, cytidine, and guanosine | 


triphosphates were found to be from 20 to 50 per cent as active as ATP in 
the reaction with this enzyme preparation. 

The requirement for Mgt* was partially replaced by 5 uwmoles per ml. 
of MnCh, FeSO,, NiCle, CoCl., CaCh, or ZnSO,, but not by CuCl. 

Determination of Formic Acid in Biological Materials—The applicability 
of the method to the determination of formic acid in biological materials 
was tested by determining the formic acid content of a freshly voided sam- 
ple of urine and the recovery of formic acid added to this sample. The 
results obtained are given in Table I. The recovery of the added formic 
acid ranged from 94 to 98 per cent. 

The identification of the material in urine active in the enzymatic test 
as formic acid is supported by the observations that it is a volatile material 
which can be removed to the extent of 90 per cent by lyophilization. The 
formic acid content of the distillate obtained by lyophilization was deter- 


mined by the procedure of Grant (13) and found to be 100.3 per cent of 


the value obtained by enzymatic assay of this fraction. 

The formic acid content of the steam-volatile acids of the urine was 
about twice that found by direct analysis of the urine. This increased 
value is probably due to the release of formic acid from bound forms present 
in the urine or by degradation of urine constituents under the acid condi- 


tions used for the steam distillation. A much smaller, but significant, — 


increase was observed upon lyophilization of the sample. 


DISCUSSION 


Of the methods which are available for the determination of formic acid, 
the most sensitive procedure is that described by Grant (13), which is based 
on the reduction of formic acid to formaldehyde, and the determination of 
the formaldehyde by the chromotropic acid method. As originally de- 
scribed, it is possible to determine formate in a sample containing from 
0.05 to 2.0 umoles per ml. Although the method is sensitive, it requires 
rigorously standardized conditions, since the reduction of formic acid to 
formaldehyde is not a quantitative reaction. The reduction and color 
formation are carried out in strongly acid solutions. The chromotropic 
acid method is, therefore, not applicable to the direct determination of 
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formic acid in the presence of acid-labile “bound” forms of formic acid 
which are likely to be encountered in biological materials. 

Other methods which have been described for the determination of 
formic acid are based upon the manometric determination of carbon dioxide 
or hydrogen formed from formic acid by enzyme preparations of Escherichia 
coli (14, 15), lead tetraacetate (16), or ceric sulfate (17). ‘These methods 
have the disadvantage of requiring relatively large amounts of formic acid 
(2.5 to 20 umoles per ml. of sample), of employing enzyme preparations 
unstable for more than 24 hours (14), of responding to pyruvic acid (15), 
or of requiring preliminary separation of the formic acid by steam distilla- 
tion (14, 17). 


SUMMARY 


A specific spectrophotometric method for the determination of formic 
acid is described in which an enzyme preparation from lyophilized cells 
of Clostridium cylindrosporum is used. The method is based on the en- 
zymatic conversion of formic acid to 10-formyltetrahydrofolic acid, and 
the spectrophotometric determination of 5,10-methenyltetrahydrofolic 
acid, which is formed by the action of acid on the enzymatic product. 
Formic acid may be determined directly in biological samples containing 
from 0.02 to 0.2 umole per ml. 


Addendum—Since this paper was submitted for publication, the enzyme tetra- 
hydrofolic formylase has been purified and crystallized from extracts of C. cylindro- 
sporum. The preparation is homogeneous by sedimentation, diffusion, and elec- 
trophoretic analysis. The crystalline enzyme is free from adenylate kinase ac- 
tivity and can be used for the quantitative estimation of ATP as well as THF and 
formic acid. 
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SKIN STEROLS 


XIII. INCORPORATION OF ACETATE INTO 
VARIOUS STEROLS BY SKIN SLICES* 


By S. C. BROOKS anp C. A. BAUMANN 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, May 20, 1957) 


The sterols of rodent skin differ from those found elsewhere. Instead 
of being present only in traces, A’-cholestenol often constitutes half of the 
sterols in the epidermis (1-3), and at least one-third of all the epidermal 
cholesterol is esterified (2, 4), whereas in most other organs cellular choles- 
terol is largely in the free form. The amounts of the two skin sterols can 
be varied independently of one another; 7.e., many hyperplasia-inducing 
agents increase the amount of epidermal cholesterol without affecting 
4’-cholestenol, whereas appropriate carcinogens diminish A’-cholestenol 
selectively (4). Published studies on the incorporation of acetate into 
skin sterols (5-7) indicate only that slices convert acetate into squalene 
and “cholesterol” with no distinction made between the individual skin 
sterols. The present experiments demonstrate that incorporated radio- 
activity is located primarily in sterols other than cholesterol. 


Methods 


The backs of adult male albino rats and mice were shaved, the skin waS 
removed,' he subcutaneous fat and muscle were scraped off, and the skin 
was cut into pieces of approximately 10sq.mm. About 1 gm. was placed 
in a 50 ml. flask containing 6 ml. of Krebs-Henseleit bicarbonate buffer, 
pH 7.4, including 0.12 mg. of CH;C“OONa. After equilibration with 95 
per cent O.-5 per cent COs, the flasks were shaken for various times at 
37°. The contents of two flasks were then transferred to an ethanolic 
KOH solution prepared so that, after addition of the incubation mixture, 
the final concentration was 17 per cent KOH and 50 per cent ethanol. 
This mixture was refluxed for 8 hours on a hot plate. The saponification 
mixture was extracted four times with petroleum ether (Skellysolve A) 
and the sterols were isolated as their digitonides according to the proce- 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by grant No. C-2177, National Institutes of 
Health, United States Public Health Service. 

!'When incubations were conducted on both liver and skin, the animals were 
decapitated; otherwise they were killed with ether. 


329 


330 SKIN STEROLS. XIII 


dure of Sobel et al. (8). The washed and dried digitonides were decom- 
posed with anhydrous pyridine and the digitonin was precipitated with an 
excess of anhydrous ether (9). Unesterified sterols were obtained by ex. 
tracting the incubation mixture with acetone for 24 hours in a Soxhlet 
extractor and the unesterified sterols were precipitated from the lipides 
with digitonin and recovered as above. The dry sterols and an equal 
weight of p-phenylazobenzoyl! chloride were heated at 115° for 2 hours in 
just enough anhydrous pyridine to dissolve the reactants while hot; the 
azoyl esters of the sterols were precipitated with an excess of methanol. 

Chromatography—The p-phenylazobenzoyl esters of the sterols were 
chromatographed with Skellysolve C-benzene (5.5:1) for 36 hours on silicic 
acid: Celite (2:1) (1) in soft glass columns? of 1 cm. inside diameter and 
15 em. long at a flow rate of 3 drops per minute. The glass and adsorbent 
were cut into the two distinct bands that were visible and the azoates 
were eluted with ether-ethano] (2:1). The lower band contained choles- 
terol azoate and related unknown azoates; the band just above this con- 
tained the azoates of A’-cholestenol and 7-dehydrocholesterol. 

The amounts of the esters were determined from the intensity of the 
orange color in benzene (Bausch and Lomb colorimeter, 450 my), read 
against a standard curve (11). For the determination of radioactivity, 
0.2 to 0.4 mg. portions of the azoates or sterols were plated out on copper 


planchets (2.5 cm. in diameter) from 1 ml. of a 0.5 per cent polyvinyl — 


pyrrolidone (PVP)-chloroform solution. Counts were made with a thin — 


mica window Geiger tube. The sodium acetate was counted by plating 
out 1 ml. containing 0.01 ml. of the incubation standard in a solution of 
0.5 per cent PVP in water. 


Results 


Incorporation of Acetate into Skin Sterols—Slices of both rat and mouse 
skin incorporated considerable amounts of labeled acetate into the sterols 
during a 3 hour incubation period. The per cent incorporation of the 
incubated acetate was 11 for mouse skin and 3.7 for rat skin. In both 


species the specific activity of the A’ zone greatly exceeded that of the A° | 


zone (Fig. 1). Specific metabolic differences between these species are 


suggested by the fact that mouse skin was 2 to 3 times more efficient than — 


rat skin in incorporating acetate into the A’-sterols, whereas the specific 


2 Soft glass columns were coated on the inside with silicone fluid (General Elee- 
tric SC 87), the excess fluid was washed off with benzene, and the columns were dried 
at 110°. The surface spreading was further minimized by using the glass columns 
only once (10). In some experiments in which an old silicone fluid was used, a very 
slow moving upper band was noted which on rechromatography vielded the usual 
A® and A’ fractions. 
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activity of the ‘cholesterol’ zone of rat skin was approximately 3 to 4 
times that of the mouse (Fig. 1). The specific activities of the two fractions 
increased continuously during the incubation period, and the ratio of ac- 
tivities of the A? and A® zones remained approximately the same after 1, 2, 
and 3 hours. Incubations of less than 1 hour failed to yield significant 


counts. 
Identification of Labeled Compounds—A composite .of the A’-cholestenol 


Mouse Sterols 
Rat Sterols &----4 


5000 
4000 - 
mg \ A’ -cholestenol 


Fraction 


1000 .« Fraction 
_---44 
1 2 3 
Hours 


Fic. 1. Incorporation of CH;C™“OONa into the sterols of rat and mouse skin. 
Each 2 gm. of mouse skin incubated with acetate of 10.4 K 10‘ total ¢.p.m. Each 
1.5 gm. of rat skin incubated with acetate of 12.8 X 10‘ total ¢.p.m. 


uzoate zones from five incubation experiments with rat skin contained 15.3 
mg. of an azoate which was inseparable from authentic A’-cholestenol 
azoate on a silicic acid column. After 30.6 mg. of carrier A’-azoate had 
been added to the skin sterol, the specific activity was 420 c.p.m. per mg. 
of sterol. Reerystallization from benzene-ethanol produced only a 5 per 
cent decrease in the specific activity of the crystals; saponification (1) and 
two subsequent crystallizations from methanol produced no further de- 
crease (Table I). The melting points of the sterol and of the azoate were 
identical with those of authentic A’-cholestenol and its azoate, and the 
isolated A?-cholestenol reacted with the Liebermann-Burchard reagent as 


e 
t 

Cc 
2000 
r 

Cholesterol 
| 


332 SKIN STEROLS. XIII 


did the authentic sterol (12). The ultraviolet spectrum showed no absorp- 
tion peaks; this result indicates the absence of 7-dehydrocholesterol. 

The composite cholesterol azoate fraction from the five incubation ex- 
periments above traveled with carrier cholesterol azoate on the silicic acid 
column. The specific activity of the eluted azoate, 395 c.p.m. per mg. of 
sterol, diminished by 17 per cent upon crystallization from benzene-ethanol 
(Table I), and saponification and crystallization from methanol depressed 
the specific activity still further. Schwenk et al. showed that labeled 
cholesterol from liver had a constant specific activity only after bromina- 
tion and regeneration of the cholesterol (13). This treatment of the lower 
zone from rat skin resulted in a specific activity of 190 c.p.m. per mg. of 


TABLE I 
Specific Activity of Sterol Fractions Purified in Various Ways 


Zone* Treatment 
mg. C. 
A’-cholestenol azoate | Eluted from column with carrier added |45.9 420 
from rat skin Recrystallized from benzene-ethanol (29.3) 234 400 
Saponified and 2 crystallizations from | 3.4) 120 405 
methanol 
Cholesterol azoate Kluted from column with carrier added 35.2) 395 
from rat skin Recrystallized from benzene-ethanol (18.7) 189 329 
Saponified and 2 crystallizations from | 4.1) 128 310 
methanol 
Bromination and regeneration 3.5) 148 190 


* These zones were a composite of five rat skin incubation experiments. 


sterol, a decrease of 52 per cent from that of this fraction as originally 
eluted from the column. 

When the sterols isolated through the digitonide from a 3 hour incuba- 
tion of 25 gm. of rat skin were placed on a deactivated alumina column as 
described by Schneider et al. (14), Fraction II (their lanosterol fraction) 
contained 0.7 mg. of a compound with a specific activity of 1800 c.p.m. 
per mg. of sterol (Table II). The azoyl ester of this compound traveled 
faster than authentic A’-cholestenol azoate on the silicic acid-Celite column, 
but did not separate from cholesterol azoate. Fractions III, IV, and V 
contained both cholesterol (6.55 mg.) and A’-cholestenol (2.98 mg.) as de- 
termined by the Liebermann-Burchard reaction. Esterification and silicic 
acid-Celite chromatography of the separate Fractions III], IV, and V 
yielded A‘-azoate zones with specific activities of 600, 290, and 450 ¢.p.m. 
per mg. of sterol, respectively. The A’-cholestenol azoate zones from all 
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three fractions had a specific activity of 1930 + 230 c.p.m. per mg. of 
sterol. Upon purification of the main A’-cholestenol zone, the specific ac- 
tivity was 2400 c.p.m. per mg. of sterol. These crystals were identical 
with authentic A’-cholestenol in melting point and Liebermann-Burchard 
reaction and showed no ultraviolet absorption. Reaction with maleic an- 
hydride did not decrease the specific activity of the A’-cholestenol (15). 


TABLE II 
Activity of Rat Skin Sterol Fractions from Deactivated Alumina Column* 


Specific activity 
after c tog- 
“2 Eluent Volume Substancest raphy of azoates 


Eluted | Purified 


C.p.m. c.p.m. 


ml. mg. per mg.| per mg. 
I | Skellysolve B 40 
II | Benzene-Skelly- 90 0.7 1800 | 1600 
solve B, 1:10 
III | Benzene-Skelly- 60 | Cholesterol 1.0 600 
solve B, 1:10 A?-Cholestenol 0.6 1700 
IV | Benzene-Skelly- 60 | Cholesterol 5.0 290 290 
solve B, 1:10 A’-Cholestenol 2.0 2160 | 2400 
Vt | Benzene-Skelly- 60 | Cholesterol 0.55 450 
solve B, 1:10 A7-Cholestenol 0.38 | 2000 


* Merck alumina (suitable for chromatography) was deactivated by shaking a 
suspension of 100 parts of alumina in Skellysolve B with 70 parts of 10 per cent 
aqueous acetic acid for 6 hours (14). 

t Amounts of the sterols determined by the Liebermann-Burchard reaction. 
These sterols were obtained from an incubation of 25 gm. of rat skin slices in Krebs- 
Henseleit bicarbonate buffer containing CH;C“%OONa with a total radioactivity of 
9.76 106 ¢.p.m. 

t Additional fractions eluted with 120 ml. of benzene-Skellysolve B, 1:10, 100 ml. 
of benzene-Skellysolve B, 1:4; and 90 ml. of methanol-ether, 1:4, did not contain 
sterols (11). 


The digitonides from an incubation of mouse skin also contained two 
“high counting companions” in the cholesterol azoate fraction, one pre- 
ceding and one following the main low counting cholesterol fraction on a 
deactivated alumina column. The A’-azoates from these alumina fractions 
all had similar specific activities (11). 

Relative Activities of Free and Esterified Sterols—After 3 hours of incuba- 
tion, the very small amounts of unesterified A’-sterols present showed a 
specific activity approximately 3 times that of the total A’-sterol fraction 
(Table III). About two-thirds of the cholesterol in fresh rat skin is esteri- 
fied (2), but the amounts of ester cholesterol present after 3 hours of in- 
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cubation varied considerably (Table III). The ester cholesterol fraction T 
after incubation was higher counting than the unesterified fraction. a 
re 
TaBLeE III y 
Specific Activity of Free and Total Sterols from Rat Skin Slices after 3 Hours S] 
Incubation with CH;C“'OONa with Total Activity of 1.28 K 10° C.p.m. re 
Experiment No. Sterols specific activity 
meg. C.p.m. per mg. at 
| A’-Sterols Free 0.03 5700 

Total 1.10 2200 
Cholesterol zone Free 0.40 550 Be. 
Total 1.90 860 te 
2 A7-Sterols Free 0.08 7100 A 
Total 0.45 2500 b 
Cholesterol zone Free 1.40 550 . 
Total 1.40 550 . 
tl 
TaBLE IV 
Specific Activities of Sterols from Rat Skin and Liver after 3 Hours = 
of Incubation with CH;C“%OONa* Cl 

Melt- ifi 

Zone Treatment | activity 
Cholesterol azoate Eluted from column 475 en) 
from rat skin Purified through dibromide 148 | 250 Ff by 
“‘Cholesterol’’ azoate| Eluted from column 410 re 

from rat liver Purified through dibromide 148 | 260 
A?-Cholestenol Eluted from column 1600 te 
azoate from rat Crystallized from benzene-ethanol 2341650 | Cf 
skin Saponified and crystallized from methanol (con- | 121 | 1200 | th 
tained 10% 7-dehydrocholesterol ) hs 
Allowed to react with maleic anhydride A’-cho- 500 on 
lestenol | 
Allowed to react with maleic anhydride 7-dehy- | 75000 | th 
drocholesterol | cc 
A?-Cholestenol Eluted from column with carrier added | 150 be 
azoate from rat Crystallized from benzene-ethanol 234; 115 fr 
liver Saponified and crystallized from methanol 120 | 106 on 
Crystallized from acetone 120 107 hs 
* Sterols were obtained from 50 gm. of rat skin and liver slices incubated with (1 
Krebs-Henseleit buffer containing CH;C“OONa with a total radioactivity of 1.92 X CO 

10° c.p.m. 

Comparison of Skin and Liver—50 gm. of rat skin or rat liver were each ch 
incubated with labeled acetate, and the sterols isolated as described above. Fes 
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The liver sterol azoates were supplemented with 30 mg. of A’-cholestenol 
azoate before being chromatographed three times on silicic acid to insure 
removal of traces of the A®-azoates. Purification (11) of this material 
yielded authentic A’-cholestenol, free from 7-dehydrocholesterol, with a 
specific activity of 106 c.p.m. per mg. (Table IV). Based on a very low 
reading in the colorimetric test for the amount present, the specific activity 
of the liver A’-cholestenol appeared to be 1500 c.p.m. per mg. 

The eluted A’-azoate from this preparation of rat skin had a specific 
activity of 1600 c.p.m. per mg. of sterol but after saponification this de- 
creased to 1200 c.p.m. per mg. of sterol (Table IV). The ultraviolet spec- 
trum and Liebermann-Burchard reaction of the material showed it to con- 
tain 90 per cent of A’-cholestenol and 10 per cent of 7-dehydrocholesterol. 
After removal of the 7-dehydrocholesterol-maleic anhydride adduct (15) 
by extraction with aqueous KOH, the remaining A’-cholestenol had a 
specific activity of only 500 c.p.m. per mg. The calculated specific ac- 
tivity of the 7-dehydrocholestero] in this mixture was 7500 c.p.m. per mg.’ 

The cholesterol zones from the liver and skin had specific activities of 
410 and 475 c.p.m. per mg., respectively. After saponification, bromina- 
tion, and regeneration, the specific activities of both cholesterol zones de- 
creased, liver to 260 and skin to 240. 


DISCUSSION 


The heterogeneous anatomical character of the skin slice makes it haz- 
ardous to postulate metabolic relationships, since it is likely that the vari- 
ous types of cells differ from one another not only in synthetic capacity, 
but perhaps also in the completeness with which the necessary substrates 
reach them in vitro. Nevertheless, the present experiments show A’-choles- 
tenol to be synthesized rapidly by mouse and rat skin, and a number of 
considerations point toward the sebaceous glands as the probable site of 
this synthesis (16, 17). The liver, an active site of cholesterol synthesis, 
has not previously been shown to contain A’-cholestenol. However, the 
constant radioactivity accompanying carrier A’-cholestenol during isola- 
tion and purification from incubates suggests that the liver synthesizes this 
compound more rapidly than cholesterol itself. Others have shown la- 
beled hepatic cholesterol to be accompanied by higher counting companions 
from which a lower counting cholesterol could be separated by bromination 
and regeneration (13). Since A’-cholestenol does not add bromine, it could 
have been one of the high counting companions encountered by others 
(13). The presence of at least one and possibly two other high counting 
companions in skin is suggested by the variations of the specific activities 


3 In subsequent preparations the calculated specific activity of the 7-dehydro- 
cholesterol in the maleic adduct was about 4000, whereas that determined in the 
residual A?-cholestenol was about 1400. 
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of the A*-azoates prepared from three separate eluates from an alumina 
column (Table II). The comparatively low specific activity of the main 
cholesterol fraction emphasizes the relative inability of whole skin slices to 
synthesize cholesterol as compared to the A’-sterols and the other high 
counting companions. 


SUMMARY 


1. Skin slices from rats and mice were incubated with CH;C“OONa, 
and the sterols separated into A® and A’ fractions. The specific activity of 
the A’-cholestenol fraction from rat skin was 3 to 4 times that of the ‘“‘choles- 
terol” fraction, whereas the specific activity of the A’-sterol fraction from 
mouse skin was about 25 times that of the A® fraction. Unesterified A’- 
sterols, although present in very small amounts, had the highest specific 
activity, and in some preparations from rat skin the 7-dehydrocholesterol 
component was more active than A’-cholestenol. 

2. Skin cholesterol purified via the dibromide showed only 50 per cent 
of the radioactivity of the crude A®-sterol fraction; this result indicates the 
presence of high counting companions in this fraction. The activity of 
the main fraction of cholesterol could be reduced markedly by a preliminary 
fractionation of the sterols on alumina. 

3. Liver incubated in a similar manner yielded a A’ fraction with a high 
specific activity and a A® fraction which contained high counting com- 
panions in addition to cholesterol. 
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The enzyme carbamyl phosphate-ornithine transcarbamylase, which 
catalyzes the synthesis of citrulline from ornithine plus carbamyl phos- 
phate, has been partially purified from rat liver by means of heat treatment 
and ethanol fractionation (1). Krebs et al. (2) were able to demonstrate 
the arsenolysis of citrulline in a number of tissues and, by using sheep liver 
mitochondria, were able to purify partially the enzyme responsible. These 
workers proposed that the citrulline-synthesizing system might be responsi- 
ble for citrulline breakdown. Recent work by Marshall (3) and by 
Smith and Reichard (4) lends support to this proposal. 

Conditions for preparing highly purified carbamyl phosphate-ornithine 
transcarbamylase are reported in the present paper. In addition, some 
kinetic and other properties of the enzyme system have been investigated. 


Materials and Methods 


Carbamyl phosphate (CP) was prepared essentially by the method of 
Jones et al. (5). Hydroxylapatite was prepared by the method of Tiselius 
et al. (6). 

p-Ornithine was made available through the generosity of Dr. J. P. 
Greenstein, National Cancer Institute, Bethesda, Maryland. The benzoyl 
derivatives of ornithine were obtained from Dr. R. W. McGilvery of this 
department. All the other compounds used were obtained commercially. 
The p-ornithine, L-ornithine, and L-citrulline samples were tested for purity 
by paper chromatography and quantitative ninhydrin assay. The com- 
pounds gave values within 4 per cent of theory by the latter procedure. 

Enzyme Assay—0.1 ml. of enzyme was added to a solution containing 
L-ornithine, 20 umoles; carbamy]l phosphate, 20 to 30 umoles; and glycyl- 
glycine buffer, pH 8, 90 umoles. The final volume was 2.0 ml. for the sys- 
tem. Incubation was carried out at 38°. The reaction was then stopped 
by the addition of 5.0 ml. of 0.5 m perchloric acid, and citrulline was de- 


* This study was supported in part by a research grant (No. A-540(C6)) from the 
National Institute of Arthritis and Metabolic Diseases, National Institutes of 
Health, Public Health Service, and the Wisconsin Alumni Research Foundation. 
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termined colorimetrically (7) on appropriate aliquots. Protein was 
determined by the methods of Lowry et al. (8) and of Kalckar (9). 

Enzyme solutions were diluted to contain concentrations which were 
rate-limiting. 1 unit of enzyme activity was defined as the amount of 
enzyme which formed 1 umole of citrulline per minute under the above 
conditions. Specific activity of the enzyme was defined as the units per 
mg. of protein. 

In cases in which very high enzyme concentration was desired, the con- 
ditions of the assay were modified. An appropriate fraction precipitated 
by ammonium sulfate was taken up in 0.1 Mm Tris (tris(hydroxymethy))- 
aminomethane) buffer, pH 8, and aliquots of this solution were used in the 
system without additional buffer. (Under these assay conditions, 50 to 
100 umoles of Tris, pH 8, were present in the enzyme solution to buffer 
the system.) 

The suitability of different buffers was investigated. Glycylglycine 
proved to be satisfactory, provided that a concentration no greater than 
50 umoles per ml. was used and incubation time did not exceed 30 minutes. 
If the latter limits were exceeded, non-enzymatic carbamylation occurred, 
with the result that there was an appreciable increase in blank values. 
Bicarbonate buffers were also found to be useful provided that closed sys- 
tems were employed. Tris buffer was used in special cases but was found 
to be slightly inhibitory to the system. Phosphate buffer was also found 
to be somewhat inhibitory. 


EXPERIMENTAL 


Enzyme Preparation Steps in Purification—Fresh beef liver was obtained 
from the slaughterhouse and kept chilled in ice until use within an hour. 
Quantities of about 300 gm. were diced and homogenized with 900 ml. of 
chilled isotonic KC] solution in a Waring blendor; blending time was stand- 
ardized at 45 seconds per batch. After this treatment, the 25 per cent 
homogenate was strained through one layer of cheesecloth and centrifuged 
at 3000 X g for 45 minutes at 2°. The supernatant fluid was discarded. 

The particulate fraction was suspended in 1 liter of chilled isotonic KCl 
and again centrifuged at 3000 X g for 20 minutes. This step was then 
repeated. Finally, the particulate fraction was blended with cold acetone 
(—20°) for 45 seconds. The resulting powder was filtered and dried on a 
chilled suction funnel under a rubber dental dam to prevent denaturation 
by moisture. Yields averaged 22 to 25 gm. of fresh liver. Specific activity 
of the different enzyme preparations showed marked seasonal variation 
with especially low values realized from animals slaughtered in the summer 
months. 

The acetone powder was further fractionated in 10 gm. lots. Each batch 
was extracted twice for 30 minutes with 100 ml. of chilled doubly distilled 
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water. The residue was discarded. The supernatant solutions were then 
combined and brought to 60° by immersion of the container in a water 
bath at that temperature. The preparation was held at 60° for 20 minutes, 
cooled, and the denatured protein removed by centrifugation. 

The heat-treated enzyme solution was then chilled to 0° and fractionated 
with powdered ammonium sulfate. Enzyme activity was found to reside 
in the fraction precipitated at 2 to 2.5 m. The precipitate was collected 
by centrifugation and then taken up in 0.1 M Tris buffer, pH 7.4. Under 
these conditions, the enzyme was stable for at least 1 month if frozen and 
stored at —20°. The protein concentration at this stage varied from 1.25 
to 3.5 mg. per ml. of solution. 

The enzyme solution was then treated with a 5.4 per cent suspension of 
hydroxylapatite in a ratio of 5 ml. of enzyme solution to 4 ml. of hydroxyl- 


TaBLeE I 
Purification of Carbamyl Phosphate-Ornithine Transcarbamylase 
Purification procedure Protein Total units Ben wow Recovery 
meg. per cent 
Homogenate equivalent to 10 gm. acetone 
Extract from 10 gm. acetone powder...... 950 7,400 7.77 33 
Heat treatment (60° for 20 min.).......... 296 6, 630 22.2 29 
Ammonium sulfate fraction.............. 54 3,388 62.3 15 
Adsorption on and elution from hydroxyl- 
16 2,664 169.0 12 


apatite suspension. 


and centrifuged at 3000 < g for 5 minutes. 


The mixture was slowly stirred for 10 minutes at 0° 
The supernatant layer was 


discarded. The precipitated hydroxylapatite containing the adsorbed en- 
zyme was then mixed with 0.4 M ammonium bicarbonate solution in a ratio 
of 10 ml. of the latter to 5 ml. of original enzyme solution. The mixture 
was slowly stirred for 5 minutes and the supernatant layer discarded. 
Finally, the adsorbed enzyme was removed from the hydroxylapatite by 
addition of 10 ml. of 1 M ammonium bicarbonate for each 5 ml. of original 
enzyme solution. After 10 minutes of stirring, the mixture was again cen- 
trifuged at 3000 X g for 5 minutes. The resulting supernatant solution, 
containing the enzyme, was retained. At this point, the addition of 
bovine albumin (Armour) to make a final concentration of 8 mg. of al- 
bumin per ml. was found to stabilize the preparation. Such a preparation, 


when frozen and stored at —20°, was found to be stable for at least 3 
weeks. The purification and recovery achieved by this fractionation 
scheme are shown in Table I. 
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Effect of Time and Temperature—The effect of time and temperature 
upon this reaction is shown in Fig. 1. From these data the Arrhenius 
activation energy for this reaction was calculated to be 13.1 X 10° calories 
per mole. 

If the concentration of either carbamy] phosphate or ornithine is limiting 
under assay conditions, citrulline production is linear up to 65 per cent of 
theory. The rate of synthesis then decreases and asymptotically ap- 
proaches the theoretical value. If enzyme is present in great excess, 
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Fig. 1. Effect of time and temperature. The reaction system contained glycyl- 
glycine buffer, pH 8, 90 uwmoles; L-ornithine, 20 wmoles; carbamyl phosphate, 20 
umoles; and 0.375 unit of enzyme (specific activity 114) in a total volume of 2 ml. 
Time and temperature as indicated. 

Fig. 2. Effect of ornithine concentration. The reaction system contained glycyl- 
glycine buffer, pH 8, 90 wmoles; L-ornithine as indicated; carbamy] phosphate, 20 
pmoles; and 0.3 unit of enzyme (specific activity 134) in a total volume of 2 ml. In- 
cubation for 10 minutes at 38°. 


stoichiometric synthesis of citrulline occurs in a matter of seconds. The 
method can thus be used as an assay for ornithine or carbamyl phosphate 
under appropriate conditions. 

Effect of Substrate Concentration—The effect of ornithine concentration 
on the reaction rate is shown in Fig. 2. A Lineweaver-Burk (10) plot of 
the data yielded a K,, value of 3.0 K 10-*. The effect of carbamyl] phos- 
phate concentration on the reaction rate is shown in Fig. 3. The K,, value 
was found to be 1.2 K 107%. 

Effect of pH—The pH-activity curve in glycylglycine buffer is shown in 
Fig. 4. The optimum was found to be pH 8 with a plateau ranging from 
pH 8 to 8.5. 
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Stoichiometry—The data in Table II show that an equivalent amount of 
inorganic phosphate is released for each micromole of citrulline formed. 
Reversal of the reaction was investigated by use of a concentrated enzyme 
preparation (Table III). In general the findings were in agreement with 
those of Krebs et al. (2) and Smith and Reichard (4). 

Inhibition Studies—The inhibitory effect of citrulline on enzyme activity 
was studied by measuring radioactive citrulline formation from radioactive 
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Fig. 3. Effect of carbamyl phosphate concentration. The reaction system con- 
tained glycylglycine buffer, pH 8, 90 umoles; L-ornithine, 20 wmoles; carbamy]! phos- 
phate as indicated; and 0.3 unit of enzyme (specific activity 169) in a total volume 
of 2ml. Incubation for 10 minutes at 38°. 

Fic. 4. Effect of pH. The reaction system contained 120 umoles of glycylglycine 
buffer at the appropriate pH; L-ornithine, 20 wmoles; carbamy] phosphate, 20 umoles; 
and 0.3 unit of enzyme (specific activity 134) in a total volume of 2 ml. Incubation 
for 20 minutes at 38°. 


carbamyl phosphate in the presence of increasing amounts of unlabeled 
citrulline. The results indicated that inhibition of 20 to 30 per cent oc- 
curred when citrulline was present at a concentration 10 times that of or- 
nithine. Arginine inhibited to approximately the same extent under the 
same conditions. 

A number of substances were tested as possible inhibitors in a system 
that contained glycylglycine buffer, pH 8, 90 uwmoles; L-ornithine, 10 
umoles; CP, 23 umoles; and 0.25 unit of enzyme in a volume of 2 ml. 
Incubation time was 20 minutes at 38°. No significant inhibition was 
noted when the following were added: 20 umoles of canaline, 100 umoles 
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each of pb-ornithine, L-lysine, 1 ,5-diaminopentane, 1 ,4-diaminobutane, 
and 1 ,3-diaminopropane. 
Substrate Specificity—The following substances were found to have no 


TaBLeE II 
Stoichiometry of Carbamyl Phosphate-Ornithine Transcarbamylase Reaction 


Incubation time Inorganic P formed Citrulline formed 


experiment 1 


min. pmoles pmoles 


5 1.54 1.44 
10 2.38 2.52 


Iixperiment 2 


5 1.54 1.65 
10 2.31 2.52 


The reaction system contained glycylglycine buffer (Experiment 1) and bicar- 
bonate buffer (experiment 2), pH 8, 90 uwmoles; L-ornithine, 20 wmoles; carbamyl 
phosphate, 20 wmoles; and 0.2 ml. of diluted enzyme (specific activity 112) in a total 
volume of 2 ml. Incubation for stated time at 38°. Analysis for inorganie P was 
by the method of Lowry and Lopez (11). 


TaBLeE III 
Rate of Citrulline Breakdown by Purified Enzyme 
Time Citrulline decomposed 
min. pmoles 
0 0 
10 6.3 
20 8.3 
30 9.6 
40 10.2 


The reaction system contained citrate buffer, pH 6.7, 200 umoles; arsenate buffer, 
pH 6.7, 100 wmoles; L-citrulline, 14 wmoles; and 98 units of enzyme in a total volume 
of 2ml. Incubation for stated time at 38°. The rate of citrulline synthesis at this 
pH is 294 times that of its decomposition. 


activity, as measured by the Archibald procedure for citrulline (7), in a 
test system containing 100 or more units of enzyme: spermine, spermidine, 
diaminopentane, diaminobutane, diaminopropane, benzoyl]-L-ornithine, and 
L-ornithuric acid. Benzoyl-L-ornithine was found to react to the extent 
of 6.8 per cent but this was in all probability due to contamination with 
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ornithine, since the compound gave a positive ninhydrin test. Lysine 
exhibited slight activity of questionable significance in the test system. 
p-Ornithine proved to have activity only if a very high enzyme concentra- 
tion was used. L-Ornithine at equal concentration was about 1000 times 
more active as a substrate than pb-ornithine. Experiments designed to 
detect a racemase in the enzyme preparation revealed no evidence for its 
presence. 


DISCUSSION 


The present study of purified carbamyl phosphate-ornithine transcar- 
bamylase reveals this enzyme to have a relatively high degree of substrate 
specificity and no apparent cofactor requirements. The equilibrium posi- 
tion for this system is strongly in favor of citrulline synthesis, and, as 
pointed out, the system can be used for the quantitative estimation of 
either L-ornithine or carbamyl! phosphate. 

A point of interest relates to the stoichiometry of the reaction. The 
impurity of previous preparations pr¢vented a reliable study of the question 
as to whether the reaction products were citrulline plus inorganic phosphate 
or citrulline phosphate. The present results would indicate that citrulline 
phosphate is not a primary end product. However, it is possible that 
citrulline phosphate is so unstable that it instantaneously decomposes to 
citrulline and inorganic phosphate under the conditions employed. 

The increasing instability of ornithine transcarbamylase with purification 
has prevented a study of the physical properties of the enzyme at this time. 
Available information indicates that the preparation with the highest 
specific activity is approximately 10 per cent pure. 


SUMMARY 


Mammalian carbamyl] phosphate-ornithine transcarbamylase has been 
partially purified and its properties investigated. Studies show it to have 
a high degree of substrate specificity, no apparent cofactor requirement, 
and a pH optimum at 8. Stoichiometric analysis revealed that an equiv- 
alent amount of inorganic phosphate was released for each micromole 
of citrulline formed. | 

The Arrhenius activation energy for this reaction was calculated to be 
13.1 X 10° calories per mole. The A,, value for ornithine was determined 
to be 3.0 and for carbamyl] phosphate 1.2 10-*. 
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COMPARISON OF THE DECOMPOSITION PROPERTIES OF 
“COMPOUND X” AND CARBAMYL PHOSPHATE* 


By LEO M. HALLf anp PHILIP P. COHEN 


(From the Department of Physiological Chemistry, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, June 12, 1957) 


Evidence that “(Compound X”’ and carbamyl] phosphate have similar if 
not identical properties has been presented by several investigators (1-6). 
It has also been reported (7, 8) that, during the spontaneous decomposi- 
tion of Compound X, inorganic phosphate is released first, followed by a 
slower release of carbon dioxide, and then by a marked delay in the release 
of ammonia. More recently, Grisolia et al. (9, 10) have reported that, in 
the spontaneous decomposition of carbamy] phosphate, in contrast to the 
decomposition of Compound X, the rate of ammonia release is not greatly 
delayed. In this one respect, Compound X and carbamy] phosphate would 
appear to be distinct entities. 

Evidence presented in this paper indicates that the observed slow release 
of ammonia during the spontaneous decomposition of Compound X is an 
artifact. 


Methods 


Dilithium CP! was prepared by the procedure of Jones et al. (1). This 
preparation was 95 per cent pure by enzymatic assay (11). The CHA 
salt of AGI was prepared in collaboration with Dr. R. O. Marshall (12) 
according to the procedures of Grisolia and Marshall (7). CHA was re- 
distilled before use. All other reagents were commercial preparations. 

Preparation of CHA Salt of CP—A 1 X 5 em. column of Dowex 50 X8, 
200 to 400 mesh, was washed alternately with 1.0 m HCl and 1.0m CHA. 
The resin was then washed with distilled water until CHA was absent from 
the washings as evidenced by a lack of turbidity with Nessler’s reagent 
(13). After the column was cooled to 2.0°, 260 umoles of dilithium CP in 


* This study was supported in part by a research grant (No. A-540(C6)) from the 
National Institute of Arthritis and Metabolic Diseases, National Institutes of 
Health, Public Health Service, and the Wisconsin Alumni Research Foundation. 

t Public Health Service Predoctoral Research Fellow of the National Heart In- 
stitute. Present address, American Cyanamid Company, Lederle Laboratories 
Division, Pearl River, New York. 

1 The abbreviations used in this paper are as follows: CP, carbamy] phosphate; 
AGI, the intermediate carbamy] donor in citrulline synthesis formed in the presence 
of acetyl-L-glutamic acid by mammalian liver enzymes; CHA, cyclohexylamine. 
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a volume of 2.0 ml. were delivered to the resin bed, and then 5.0 ml. of 
distilled water (0°). This was sufficient to effect complete elution of the 
CHA salt of CP. Recovery of CP was 97 to 100 per cent. The eluate 
was lyophilized and a flame test showed the absence of lithium from the 
preparation. 80 per cent of the original CP was obtained as the dry CHA 
salt. 

Preparation of Sodium Salts of CP and AGI—Columns of Dowex 50 
X8, 200 to 400 mesh, 1 X 5 cm., were washed alternately with 1.0 m HCl 
and 1.0 m NaOH. After a final wash with NaOH, the columns were 
washed with distilled water until a flame test for sodium ion was essentially 
negative. Three columns were then chilled to 2° and three solutions, 
containing, in 2 ml., 20 uwmoles of dilithium CP, 20 uwmoles of the CHA 
salt of CP, or 20 umoles of the CHA salt of AGI were delivered one to each 
of the columns. The columns were then treated with distilled water (0°) 
and 8.0 ml. of eluate were collected from each. Recoveries of the com- 
pounds from the columns as the sodium salts were 97 to 100 per cent. 
Solutions of the sodium salts were used directly in decomposition studies, 
and were found to be stable at — 20° for a period of at least 3 months. 

Decomposition of Sodium Salts of CP and AGI. Method 1—1.0 ml. (2.5 
umoles) of each of the three solutions containing the sodium salts of AGI 
or CP was delivered to a series of tubes containing 4.0 ml. of 0.10 m sodium 
acetate buffer, pH 5.0. Samples were withdrawn immediately for am- 
monia, phosphate, CP, and AGI analyses. It had been found previously 
that the incubation of CP or AGI in 0.08 m sodium acetate buffer, pH 5.0, 
at 0° resulted in negligible decomposition over a period of several hours. 
Hence, at the termination of the specified incubation time at 38°, the solu- 
tions were chilled in an ice bath and the analyses were performed in a 
group. Ammonia was determined on an aliquot of the incubated samples 
with Nessler’s reagent (13). The sodium salts of CP and AGI do not 
release ammonia in the presence of Nessler’s reagent over a period of 6 to 
8 hours. This made it possible to determine ammonia arising from the 
decomposition of the sodium salts directly, without resorting to the use of 
Dowex 2 chloride columns (7). Inorganic phosphate was determined by 
the method of Lowry and Lopez (14) as described by Marshall (12). The 
amounts of CP and AGI which remained in the incubated samples were 
determined, after an aliquot was neutralized with NaHCO;, by enzymatic 
conversion to citrulline (11). Citrulline was determined by a modification 
of the Archibald method (12). 

Decomposition of Dilithium and CHA Salts of CP with Dowex 2 Chloride. 
Method 2—This method of observing the decomposition of CP is essentially 
identical with that described by Grisolia and Marshall (7). Identical 
columns of Dowex 2 X10, 200 to 400 mesh, 6 X 35 mm., chloride form, 


f 
= 
r 
t 
OD 
p 
C 
p 
d 
fr 
es 
(7 
0 
te 


L. M. HALL AND P. P. COHEN 347 


were prepared and chilled at 2°. A 1.0 ml. aliquot (6 umoles) of a solution 
of either dilithium or CHA salt of CP was delivered into each of a series 
of tubes containing 4.0 ml. of 0.10 mM sodium acetate buffer, pH 5.0. The 
tubes were incubated at 38° for varying periods. Phosphate and CP were 
determined as described above. Tor the determination of ammonia re- 
lease, 2 2.0 ml. aliquot of the solution of CP salt was delivered to each 
Dowex 2 chloride column (2°), followed by washing with 10.0 ml. of distilled 
water (0°). Each column was then brought to room temperature and 2.0 
ml. of 1.0 nN HCl were added to decompose the CP retained on the column. 
Each column was then washed with 6.0 ml. of distilled water and ammonia 
was determined by addition of Nessler’s reagent to the eluate (13). Eluate 
from a column treated in the same manner, with acetate buffer replacing 
the aliquot of the CP solutions, served as a blank. The difference between 
the amounts of ammonia in the initial and subsequently incubated samples 
was taken as a measure of the amount of ammonia released during incuba- 
tion. 


RESULTS AND DISCUSSION 


The decomposition data obtained with Methods 1 and 2 are presented 
in Figs. 1 and 2, respectively. In contrast to the observations of Grisolia 
and Marshall (7), the rate of ammonia release (Fig. 1) during the decom- 
position of the sodium salt of AGI is only slightly less than the rate of 
phosphate release. Furthermore, the rates of the formation of ammonia 
from CP and AGI are essentially equal when Method 1 is employed (Fig. 
1). 

However, when Method 2 is used for the determination of ammonia, the 
rate of ammonia release from either the CHA or sodium salt of CP appears 
to be retarded (Fig. 2). The slow release of ammonia when determined 
by Method 2 is in good agreement with the previously reported rate of 
ammonia release from Compound X (7). 

Grisolia et al. (10) have obtained results similar to those shown in Fig. 
1 for the spontaneous decomposition of dilithium CP by a procedure com- 
parable to Method 1. If one compares the rate of ammonia release from 
CP as presented in Fig. 1 with the rate of ammonia release previously re- 
ported for Compound X (7), CP and Compound X would appear to be 
distinct entities (9, 10). It should be emphasized, however, that this 
comparison is not proper in view of the observation that ammonia release 
from CP also appears to be retarded (Fig. 2) when the method used for the 
estimation of ammonia release is similar to that of Grisolia and Marshall 
(7). We have, at present, no explanation for the contradictory results 
obtained when ammonia formed during the decomposition of CP is de- 
termined by the two methods. 


of 
e 
e 
A 
e 
8, 
t. 
8, 
| 
1l- 
y 
Ss. 
a 
PS 
0 
e 
of | 
e 
ic 
n 
y 
al 
’ 


348 COMPOUND X AND CARBAMYL PHOSPHATE 


These data lend further support to the evidence that the intermediate 
carbamyl donor in enzymatic citrulline synthesis isolated previously in this 
laboratory from mammalian liver incubation systems is CP (2). However, 
it should be pointed out that these data do not exclude the possibility that 
an intermediate is formed in the mammalian system before CP. In con- 
trast to the bacterial system (1), the animal system requires catalytic 
amounts of an appropriate glutamate derivative (2, 15) for the synthesis of 
CP, suggesting that an intermediate prior to CP is formed. Reichard 
et al. (16) presented evidence, which was later shown to be in error (6), 
that such an intermediate, believed to be Compound X, is formed in mam- 


© 40 SODIUM SALT OF CP 
@ 48 SODIUM SALT OF AGI 
a a9 
g 5 LOL Zz CITRULLINE 
X35 CITRULLIN 
O 
40 80 120 40 80 
TIME IN MINUTES TIME IN MINUTES 
Fig. 1 Fic. 2 


Fic. 1. The spontaneous decomposition of the sodium salts of AGI and CP as 
determined by Method 1. The decomposition data obtained for the sodium salts of 
CP prepared from either the CHA salt or the dilithium salt of CP were essentially 
identical. 

Fic. 2. The spontaneous decomposition of the CHA and sodium salts of CP as 
determined by Method 2. The decomposition data for the two salts were essen- 
tially identical. 


malian enzyme preparations. The stoichiometry of the enzymatic syn- 
thesis of CP by mammalian liver preparations has also been shown to 
differ from the bacterial system (17). These and unpublished findings 
from our laboratory indicate that an intermediate prior to CP is formed 
but does not accumulate as a free compound under the usual conditions of 
incubation. The mechanism of CP synthesis by liver enzymes is at pres- 
ent under investigation. 


SUMMARY 


Evidence has been presented that the previously reported slow release 
of ammonia from “Compound X”’ during spontaneous decomposition is an 
artifact of the method employed for the determination of ammonia. 

The data presented are consistent with the concept that carbamy] phos- 
phate and Compound X are identical. However, the possibility of the 
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formation of an intermediate prior to carbamyl phosphate in mammalian 
enzyme systems is not excluded by the present findings. 
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THE ASSAY OF GLUCAGON AND EPINEPHRINE WITH 
USE OF LIVER HOMOGENATES* 


By JACQUES BERTHET,t EARL W. SUTHERLAND, anv T. W. RALL 


(From the Department of Pharmacology, School of Medicine, 
Western Reserve University, Cleveland, Ohio) 


(Received for publication, May 13, 1957) 


Glucagon, the hyperglycemic factor from the pancreas, has been as- 
sayed previously by the hyperglycemic response of the rabbit (1) and the 
anesthetized cat (2), and by using liver slices in vitro, measuring either 
the increase in glucose output (3-8) or the increase in phosphorylase 
concentration (9). Recently, it has been found that liver homogenates 
can be prepared which respond to the addition of glucagon or sympatho- 
mimetic amines by an increased formation of phosphorylase from de- 
phosphophosphorylase (10). The increased formation of phosphorylase 
was related to the amount of glucagon or amine added. The experiments 
reported here demonstrate that liver homogenates may be used for the 
assay of purified glucagon and certain sympathomimetic amines. 


Methods 


The preparation of liver homogenates and the procedures to detect 
formation of LP' from dephospho-LP in homogenates were carried out 
essentially as recently described (10). Liver slices were prepared (11), 
incubated for 15 minutes at 37° in 3 volumes of 0.12 m NaCl + 0.04 m 
glycylglycine buffer + 0.001 m potassium phosphate buffer at pH 7.4, then 
chilled, rinsed with cold 0.33 mM sucrose, and homogenized with 2 volumes 
of 0.33 mM sucrose in a loosely fitting glass homogenizer. The homogenate 
was centrifuged for 45 seconds at 900 X g and was used either immediately 
or after being frozen. Unless otherwise specified, all the experiments 
reported here were performed with dog liver homogenates. 

A mixture of the components of the system was distributed into iced 
tubes (15 X 125 mm.). Glucagon, sympathomimetic amines, or suitable 
blank solutions were added to obtain a final volume of 0.1 ml.; the tubes 


* This research was supported in part by a grant (No. G-660) from the National 
Science Foundation. 

t Fellow of the Rockefeller Foundation. Present address, Department of Physio- 
logical Chemistry, University of Louvain, Belgium. 

' The following abbreviations are used: LP, liver phosphorylase; dephospho-LP, 
liver dephosphophosphorylase; G-1-P, glucose 1-phosphate; Tris, tris(hydroxymeth- 
yl)aminomethane; 5-AMP, adenosine 5-phosphate; ATP, adenosine triphosphate; 
LP-phosphatase, liver phosphorylase phosphatase. 
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were kept at 0° to avoid denaturation of dephospho-LP or glucagon. The 
formation of LP was started by the addition of 0.15 ml. of homogenate or 
diluted homogenate. For assay of glucagon in biological material, the 
formation of LP from dephospho-LP proceeded for 10 minutes with shak- 
ing at 30° in a system containing, at final concentration, 75 mg. per ml. of 
homogenate of dog or cat liver, 0.05 m buffer (Tris or imidazole), 0.004 m 
ATP, 0.005 m MgSQ,, either 0.1 mg. per ml. of casein or 0.01 mg. per ml. of 
insulin (glucagon-free), 0.0005 m caffeine, 0.04 mg. per ml. of ergotamine 
tartrate, 0.18 m sucrose, and 1.2 to 1.5 units per ml. of dephospho-LP. 

After the formation of LP had proceeded for 10 minutes at 30°, phos- 
phorylase activity was estimated by adding to each tube 2.8 ml. of phos- 
phorylase assay reagent containing 0.036 m G-1-P, 0.1 m NaF, 0.0014 
mM 5-AMP, and 4 mg. per ml. of glycogen (12). The contents of the tubes 
were well mixed, and they were incubated at 37° for 10 minutes. The 
phosphorylase assay was terminated by the addition of 1 ml. of 15 per cent 
trichloroacetic acid. The mixtures were chilled, diluted to 10 ml. with 
water, and centrifuged in the cold. A suitable aliquot of the resulting 
supernatant fluid was analyzed for inorganic phosphate by the procedure 
of Fiske and Subbarow (13). 

In some tubes the formation of LP was not allowed to proceed, the 
phosphorylase assay reagent being added immediately after the addition 
of homogenate in order to measure the amount of phosphorylase activity 
present initially. The amount of LP formed during the 10 minute in- 
cubation at 30° could then be calculated. The unit of LP has already been 
defined (12). 

The preparation of dephospho-LP and the purification of G-1-P and 
Tris were carried out as reported previously (11,12). Amorphous glucagon 
was donated by Eli Lilly and Company and was estimated to be about 
50 per cent pure; concentrations are expressed in this report as weight 
of this preparation per unit volume. Dilutions of glucagon were made 
from concentrated solutions immediately before use in dilute solutions of 
albumin or casein (40 y per ml.) at pH 9.5. 


EXPERIMENTAL 


Preparation and Properties of Homogenates—Dog or cat liver homogenates 
exhibited essentially the same characteristics. There were no significant 
differences between the two species in the amplitude of the response or in 
the sensitivity to glucagon. Homogenates from rabbits and rats ex- 
hibited poor responses to glucagon or epinephrine and seemed unsuitable 
for the assay of these factors. 

Some variations in the procedure for preparation of the homogenates 
were tried. It was found that neither the time (up to 30 minutes) nor 
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the volume of fluid used was critical in the incubation of slices before 
homogenization. It was felt, however, that some preincubation was 
useful to destroy or wash out endogenous glucagon or sympathomimetic 
substances and to reduce the level of endogenous LP relative to that of 
dephospho-LP. Centrifugation of homogenates for 45 seconds yielded 
satisfactory supernatant fluids that contained most of the essential particles 
(which are known to be easily sedimentable (10)). Uncentrifuged homog- 
enates were difficult to pipette and were likely to give irregular results. 

The amount of LP formed in the presence of a large dose of epinephrine 
or glucagon was fairly constant from homogenate to homogenate. How- 


TABLE I 
Effect of Freezing and Diluting Homogenates on Assay of Glucagon 


Experiment performed as described under ‘‘Methods,’’ except that insulin, caf- 
feine, and ergotamine were not present. The frozen homogenate had been quickly 
frozen in dry ice Cellosolve. 


Homogenates Glucagon LP formed A 
mg. per ml. ¥ per mil. unils per ml. 
Fresh 250 0.10 
” 250 0.03 0.65 0.55 
- 250 10 2.75 2.65 
125 0.20 
- 125 0.03 1.60 1.40 
” 125 10 2.95 2.75 
Frozen 250 1.40 
- 250 0.03 1.75 0.35 
- 250 10 2.90 1.50 
” 125 1.05 
125 0.03 1.85 0.80 
¥ 125 10 3.05 2.00 


ever, the formation of LP in the absence of added hormones (blank value) 
was found to vary considerably and some homogenates had to be discarded 
because their high blank value left little room for a glucagon response. 
It has not been possible to relate the high blank values of some fresh homog- 
enates to any experimental condition. It was also found that the blank 
value, even if initially low, would increase drastically when homogenates 
were aged for a few hours at 0° or slowly frozen at —20°. This effect of 
freezing was much less pronounced if small volumes of homogenate were 
frozen rapidly in a mixture of dry ice and methyl Cellosolve (Table I), 
or better still, in liquid nitrogen. After the initial damage due to freezing, 
very little change occurred during a period of 2 or 3 weeks of storage in 
dry ice or liquid nitrogen. However, the blank values rose rapidly if 
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quickly frozen homogenates were stored subsequently at —20° or thawed 
and stored at 0°. It was desirable, therefore, to use a freshly prepared 
homogenate within 2 or 3 hours and a frozen homogenate immediately 
after thawing. Since changes in the blank value were usually linear with 
respect to time, it was possible to avoid large errors by a suitable sequence 
of blanks or duplicate experimental tubes. 

Dilution of Homogenates and Fortification with Dephospho-LP—In 
early experiments undiluted homogenates (equivalent to a final concentra- 
tion of 200 to 250 mg. of liver per ml.) were found to respond well to large 
doses of glucagon, even without fortification with dephospho-LP. How- 
ever, the addition of dephospho-LFP increased the response and thus al- 
lowed more accurate results. It was found that when the system was 
supplemented with dephospho-LP, a 2-to 4-fold dilution of frozen homog- 
enates resulted in reduced blank values without affecting the formation 
of LP in the presence of large doses of hormones; with fresh homogenates, 
such dilution did not appreciably alter either value (Table I). In both 


cases, the response to low doses of glucagon and epinephrine was increased. — 
If the homogenates were diluted so that the final concentration of liver _ 


was below 50 mg. per ml., the response to both very high and low doses 
of hormones decreased. The optimal concentration was around 75 mg. 
per ml., where the assay system was 3 to 10 times more sensitive to small 
doses of glucagon, and the slope of the dose versus response curve was up to 
3 times greater than when undiluted homogenates were used (Fig. 1). 

ATP and Mgt** Ion Requirements—It has been previously reported 
that Mgt+ ions and ATP are required for the reactivation of phosphorylase 
in liver homogenates (10). However, when the concentration of ATP 
exceeded that of Mgt* ions, LP formation was strongly inhibited. In 
the experiments described in this report the Mgt*+ to ATP ratio has been 
close to 1.2; a greater excess of Mg** ions had little effect. In concen- 
trated homogenates, as well as diluted, the optimal concentration of ATP 
was around 0.004 Mm; at this level the largest responses to the hormones 
with the lowest blank values were usually observed. 

Effect of pH—F ig. 2 shows the formation of LP in the absence and pres- 
ence of a maximal amount of glucagon at various pH levels. As the pH 
was lowered below 7.2, the blank value increased, approaching the level 
obtained in the absence or presence of glucagon. Above pH 7.0, LP 
formation in the presence of glucagon decreased. The optimal pH for 
glucagon assay was between 7.0 and 7.4 (Fig. 2). This pH range was 
obtained when 1 m stock solutions of either Tris (at pH 7.4 to 7.8) or 
imidazole (at pH 7.2 to 7.7) and 0.1 m stock solutions of ATP (at pH 
6.9) were used. The pH of these stock solutions was measured with the 
glass electrode at 25°, and the pH of the incubation mixture (including 
homogenate) was measured at 30°. There were no important differences 
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| between Tris, imidazole, and glycylglycine buffers, although low doses of 
| glucagon seemed to give slightly better responses with Tris than with 
imidazole buffer. 

| Effect of Insulin and Casein—It has been reported (14) that insulin 
enhances the effect of glucagon on the glucose output of liver 


0.01 Ql Ke) 
‘ GLUCAGON CONCENTRATION (y PER ML.) 
rt Fic. 1. Assay of glucagon with concentrated and diluted liver homogenates. Ex- 
periments were conducted as described under ‘‘Methods,”’ except that neither caf- 
feine nor ergotamine was added and that the concentration of homogenate was 
| | varied, Curves 1 and 2 represent assays conducted with 75 mg. per ml. of dog liver 
) homogenate, and Curve 3 with 200 mg. per ml. of dog liver homogenate, and Curve 4 


with 200 mg. per ml. of cat liver homogenate. The response is defined as the LP for- 
mation at a given glucagon concentration minus the LP formation in the absence of 
glucagon. The maximal response was obtained with 5 or 10 y of glucagon per ml. or 


4 with 2 y of 1-epinephrine per ml. 
WITH 
GLUCAGON 
or 
WITHOUT 
° 
GLUCAGON 
' 
a IMIDAZOLE BUFFER 
) | TRIS. BUFFER 
r 
66 68 7.0 7.2 7.4 
pH 
Fic. 2. Effect of pH on the assay of glucagon. Experimental conditions are as de- 
p scribed under ‘‘Methods,”’ except that neither caffeine nor ergotamine was added. 
y When present, the glucagon concentration was 5 y per ml. Both Tris and imidazole 
were used as buffers. The pH of the incubation mixtures, including homogenate, was 


measured at 30° with the glass electrode. 
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slices. Growth hormone, a-corticotropin, and a-casein have a similar 
action (15). It was found that the addition of insulin or casein did increase 
the response of homogenates to small amounts of glucagon (Table II). 
The blank values were either unaffected or slightly lowered, while the 
response to a maximal dose of glucagon was generally unaffected. Ata 
level of 100 y of casein per ml., there was no significant difference between 
unfractionated casein and purified a-casein. The response of homogenates 
to epinephrine was not affected by casein. 

Effect of Ergotamine—1-Epinephrine and related sympathomimetic 
amines could be assayed with liver homogenates under the same conditions 


TABLE II 
Effect of Insulin and a-Casein on Assay of Glucagon 


Experiment performed as described under ‘‘Methods,’”’ except that insulin and 
casein were added separately; in all cases the glucagon concentration was 0.03 y per 


ml. Under the same conditions, the LP formation in the presence of 5 y of glucagon — 


per ml. was 2.85 units per ml. with or without insulin and casein. 


LP formed, units per ml. 
Additions 
No glucagon oe A 

per mil. 

None 1.70 2.20 0.50 

Insulin 0.1 1.70 2.20 0.50 

1 1.70 2.40 0.70 

10 1.65 2.65 1.00 

Casein 1 1.70 2.25 0.55 

10 1.65 2.45 0.80 

100 1.55 2.55 1.00 

Insulin 10 + 1.55 2.55 1.00 
casein 100 


used for the assay of glucagon. The relative potencies of sympathomimetic 
amines in stimulating the reactivation of phosphorylase in liver homog- 
enates have been found to be similar to those observed in stimulating 
glycogenolysis in liver slices (10). It was of interest to investigate the 
effect of ergotamine, an agent which is known to block the action of 
epinephrine, but not that of glucagon, in liver slices (16). As might be 
expected, ergotamine added to liver homogenates abolished the effect of 
moderate concentrations of epinephrine without influencing the effect of 
glucagon (Table III). In order to achieve adequate concentrations, it 
was found convenient to incorporate ergotamine tartrate into the solution 
used to dilute the homogenates. 

Effect of Caffeine—With purified enzyme preparations or very dilute 
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liver homogenates, caffeine increased the rate of conversion of LP to 
dephospho-LP catalyzed by LP-phosphatase (17). The addition of caf- 
feine to the glucagon assay system was tried in order to lower the high 
blank rate of LP formation observed with frozen homogenates. The 


TaBLe III 
Effect of Ergotamine on Assay of Epinephrine and Glucagon 
Experimental conditions as described under ‘‘Methods,’’ except that caffeine was 
not added. When ergotamine was present, its concentration was 0.1 mg. per ml. 


Increase in LP formation, units per ml. 
Hormone 
Without ergotamine | With ergotamine 
per mi 
Epinephrine 0.01 0.25 0 
0.02 0.50 0 
0.04 0.70 0 
0.08 0.85 0 
2.0 1.10 0.03 
Glucagon 0.04 0.60 0.60 
0.1 0.95 1.00 
TABLE IV 


Effect of Caffeine on Response of Liver Homogenates to Glucagon 


Experimental conditions as described under ‘‘Methods,”’ except that ergotamine 
was not added. 


Units of LP formed per ml. 
glucagon 
4 A 

0 1.65 | 2.15 | (40.50) | 3.10 | (41.45) 
5 xX 10-8 1.55 | 2.15 | (+0.60) | 3.10 | (41.55) 
10-4 1.60 | 2.45 | (+0.85) | 3.10 | (41.50) 
5 xX 10-4 1.70 2.55 (+0.85) 3.10 (+1.40) 
10-3 1.80 2.80 (+1.00) 3.20 (+1.40) 


expected effect of caffeine was obtained only at low concentrations and 
Was very small; at higher concentrations an increase of the blank rate 
actually occurred (Table IV). The maximal rate of LP formation ob- 
tained with an excess of glucagon was not appreciably affected. However, 
the effect of small doses of glucagon was more pronounced in the presence of 
caffeine; at 5 X 10-4 to 1 X 10-* o caffeine, the response to low doses of 
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glucagon was doubled (Table IV), and the minimal dose concentration 
at which a response could be observed was reduced by as much as a third. 

A pplication to Biological Material—-Extracts of pancreas were prepared 
as described previously (3, 18), and the titration curve obtained with such 
an extract (‘“‘Sunknown’’) is compared to the titration curve of amorphous 
glucagon (‘‘standard’’) in Fig. 3. This experiment was designed to detect 
any curvature or lack of parallelism in the useful titration range which 
would limit the accuracy of the assay method. A statistical analysis 


28 
26 
on 
= 
a24r 
20 + 
© PANCREAS EXTRACT 
AMORPHOUS GLUCAGON 
{ 2 3 4 5 6 


LOG; g2 DOSE OF GLUCAGON OR EXTRACT 


Fic. 3. Assay of amorphous glucagon and pancreas extract. Assay conditions 
are as described under ‘‘Methods.’’ The doses of each sample are logarithmically 
spaced, their ratios being 1.82. Dose 1 corresponds to 0.009 y of amorphous glucagon 
per ml. or to the equivalent of 0.6 mg. of rabbit pancreas per ml. Each point is the 
average of six replicates. The blank and maximal formation of LP were 1.70 and 2.90 
units per ml., respectively. The lines are the regressions calculated on Doses 2, 3, 
and4. Statistical analysis on these points gave the following results: standard devia- 
tion, 0.011 unit of LP; regression coefficient, 0.305 unit of LP per ml. per unit log 
dose; content of the pancreas, 33.8 y of amorphous glucagon per gm.; standard error, 


1.1 y per gm. 


was performed on the results obtained with the standard Doses 2, 3, and 4 
of the standard and the unknown. The slight departure from linearity 
which is apparent from Fig. 3 is probably significant (P = 0.05), but it 
does not reduce appreciably the reliability of the assay as long as the 
unknown and standard are compared at doses which give approximately 
the same responses. There is no significant opposed curvature or de- 
parture from parallelism. However, in other assays where the standard 
and the unknown were compared at higher dosage, a departure from paral- 
lelism appeared, as if some inhibitory substances were present in these 
crude pancreatic extracts. 
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DISCUSSION 


The diluted homogenates were more sensitive to the hormones than 
concentrated homogenates, and the titration curves were steeper when 
dilute homogenates were used; however, the required fortification with 
purified dephospho-LP constituted a distinct disadvantage, since the 
preparation and storage of this enzyme are not simple. It seems likely 
that unsupplemented homogenates at a final concentration of 100 to 150 
mg. of liver per ml. will yield acceptable results if the highest sensitivity 
and accuracy are not required. 

The addition of insulin and casein increased the action of small amounts 
of glucagon on liver homogenates, as it did on liver slices (14, 15), probably 
by competitive inhibition of the enzyme system which destroyed glucagon 
(19, 20). These and other protective substances may be present in tissue 
extracts in widely varying amounts relative to that of glucagon, and it is 
thus advisable to perform every assay of glucagon in the presence of an 
excess of a protector. Vuylsteke and de Duve (8, 14) have already stressed 
the importance of protecting glucagon during the liver slice assay. Dur- 
ing purification procedures, the separation of glucagon from insulin or 
other proteins would result in a loss of protective material; the amount 
of glucagon could be grossly underestimated, especially in highly purified 
preparations. Previous determinations of glucagon in vitro in the absence 
of a protector may therefore need reevaluation. 

The effect of caffeine in the assay system (increasing the amount of LP 
formed in the presence of small amounts of glucagon) was unexpected. 
Caffeine promotes the accumulation of the adenine ribonucleotide which 
mediates the action of the hormones in the activation of phosphorylase. 
This accumulation is due, in part at least, to the inhibition by caffeine 
of the enzymatic inactivation of the ribonucleotide. This inhibitory 
effect of caffeine was observed when the inactivation of the ribonucleotide 
was catalyzed by crude preparations from liver or by partially purified 
preparations from heart and brain.” 

It is interesting to compare the accuracy of the glucagon assay by the 
liver homogenate to the liver slice methods. The inherent precision of 
the assay can be estimated by the ratio L of the slope of the regression line 
(increment of response per unit decimal logarithm of dose) to the standard 
deviation of individual responses (21). In the assays performed by the 
method described in this report, the value of L ranged from 10 to 30. In 
most cases, a value above 15 is obtained with a good frozen homogenate, 
diluted, and supplemented with dephospho-LP. In an extensive investiga- 
tion of the assay of glucagon on liver slices, Vuylsteke and de Duve (8) 
obtained 4.2 as the average value of L. This value compares well with 
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other liver slice assays previously published (5, 6, 22). It can be con- 
cluded from these values of L that, when the same number of duplicates 
are run, an assay in which homogenates are used is 2 to 7 times more ac- 
curate than an assay in which liver slices are used. One average assay 
of glucagon with homogenates involving 60 measurements of phosphorylase 
reactivation is equivalent to about thirty assays with rabbit liver slices 
involving thirty slices each, as described by Vuylsteke and de Duve (8). 
More than 200 measurements of the hyperglycemic response of the an- 
esthetized cat (2) would probably be required to obtain the same accuracy. 

The large number of duplicates or different doses which can be con- 
veniently run simultaneously in the liver homogenate assay allows a 
sensitive test for interfering substances. These would induce curvature 
or deviation from parallelism in the log dose-response relationship and 
would eventually invalidate the assay, even if high accuracy were not 
required. Inhibitors of phosphorylase reactivation in homogenates were 
sometimes detected in pancreatic extracts; similar findings in liver slices 
have already been reported (8). In preliminary experiments with plasma 
extracts, fractions were obtained which stimulate phosphorylase produc- 
tion in homogenates; however, the shape of the titration curve was so 
different from the standard curve that it was impossible to obtain even an 
approximate estimation of the amount of glucagon-like substance in the 
extracts. 


SUMMARY 


1. Experimental conditions for the assay of glucagon and sympatho- 
mimetic amines with liver homogenates are described. 

2. The addition of insulin or casein increased the sensitivity of the 
homogenate assay system to glucagon, but not to epinephrine. 

3. The addition of caffeine increased the sensitivity of the system to 
glucagon and epinephrine. 

4. The addition of ergotamine blocked the response of the homogenate 
to epinephrine but not the response to glucagon. 

5. The inherent accuracy of the homogenate assay system is about 4 
times greater than the liver slice assay. 

6. The method can be applied to the assay of purified glucagon or 
purified pancreatic extracts; however, some extracts contain small amounts 
of interfering materials. 

7. The application of the method to the assay of glucagon in blood has 
been limited by the presence of substances which interfere markedly with 
the assay. 
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STUDIES ON SUCCINIC DEHYDROGENASE 
IV. ACTIVATION OF THE BEEF HEART ENZYME* 
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About 2 years ago the author reported that the activity of purified 
preparations of succinic dehydrogenase is enhanced by phosphate buffer 
(2). This enhancement was dependent upon the phosphate concentration 
and appeared to be relatively specific for phosphate, since other buffers, 
such as Tris,' imidazole, histidine, glycylglycine, and arsenate did not 
induce it (2, 3). Arsenate, in fact, interfered with the activation by 
phosphate in a competitive manner. 

Subsequent studies on the mechanism of the phosphate activation re- 
vealed that the activation was elicited by compounds capable of forming a 
complex with the active center of the enzyme and that it is characterized 
by a high energy of activation together with changes in the absorption 
spectrum and Michaelis constants of the enzyme suggestive of a configura- 
tional change in the protein (1). The present paper is a detailed account 
of these findings. 


EXPERIMENTAL 


Materials and Methods 


Highly purified beef heart succinic dehydrogenase was isolated as 
described in a previous paper (3). Preparations of the particulate succinic 
oxidase system low in phosphate were obtained from beef heart by em- 
ploying borate buffer, according to Slater and Bonner’s modification (4, 5) 
of Keilin and Hartree’s procedure (6) and by the method of Ball and 
Cooper (7). Unless otherwise mentioned, the manometric phenazine 
methosulfate procedure (3) was employed for assay. Alternative assay 
procedures have been described elsewhere (8). 


* Supported by grants from the National Heart Institute, National Institutes of 
Health, United States Public Health Service, and the American Heart Association, 
Inc., and by contract No. 1656(00) between the Office of Naval Research and the 
Edsel B. Ford Institute for Medical Research. A preliminary report has ap- 
peared (1). 

' The abbreviation Tris denotes tris(hydroxymethy])aminomethane. 
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Results 


Phosphate Effect at Low Temperatures—The enhancement of activity 
by phosphate ions, evident in assays carried out at 38°, is not readily 
observable at low temperatures. Thus, when the enzyme was assayed at 
15°, the initial reaction rate was the same in the presence and the absence 
of phosphate. If, however, the enzyme was preincubated with phosphate 
(in the absence of substrate or electron acceptor) at higher temperatures 
and then assayed at 15°, the activation by phosphate was once more evi- 
dent. Fig. 1 illustrates the course of succinate oxidation at 15° by two 
equal samples of the purified dehydrogenase in phosphate buffer, one 
assayed after preincubation at 25° (upper curve), and one without pre- 


4 


20» 


MINUTES 

Fic. 1. Effect of preincubation with phosphate on succinic dehydrogenase ac- 
tivity. Lower curve, standard manometric assay at 15°, with 0.61 mg. of enzyme 
preparation per vessel. The enzyme used was 65 per cent pure and had been stored 
for 2 weeks in the frozen state. Upper curve, 0.86 mg. of the same preparation was 
incubated in 2.8 ml. of 0.075 m PO,, pH 7.6, for 20 minutes at 25°, then chilled to 0°, 
and an aliquot equivalent to 0.61 mg. of enzyme was assayed at 15° as above. 


incubation (lower curve). The sample of enzyme preincubated with 
phosphate at 25° showed linear kinetics and a much higher activity than 
the sample assayed without preincubation; the latter exhibited a marked 
lag in O, uptake and a slow, gradual increase in rate. The final slope 
obtained was never as great as that obtained with samples preincubated 
at higher temperatures with phosphate. 

In assays carried out at 25° the results were qualitatively similar to 
those shown in Fig. 1, except that the lag period in samples which had not 
been preincubated with phosphate before assay was shorter than at 15°. 
The final activity reached after the lag period was again not as high as in 
samples which had been preincubated with phosphate prior to assay. The 
reason for this might be that the catalytic functioning of the enzyme in 
the presence of substrate and electron acceptor interferes with the activa- 
tion process. 
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Conditions for Quantitative Assay of Activation—In the characterization 
of the activation process advantage was taken of the fact that it proceeds 
very slowly at 15° and is essentially stopped by cooling to 0°. Thus 
samples of the enzyme could be activated by incubation with the activator 
(phosphate, succinate, etc.) at the pH and temperature of choice in the 
absence of electron acceptor (i.e. in the absence of catalytic activity); 
aliquots were then removed and rapidly cooled to 0° at various times to 
halt the activation and were later assayed at 15°, after addition of substrate 
and electron acceptor. The Warburg vessels used in the actual assays 
were filled while placed in a tray of ice to inhibit further reaction between 
enzyme and activator. Two types of controls, giving identical results, 
were used to ascertain the basal activity of the enzyme before activation: 
one was a sample preincubated at the same pH and temperature as the 
experimental samples but without activator present; the other was a 
sample maintained at 0° with the same amount of activator as used in the 
experimental samples. 

Comparison of Different Activators—It is known from the work of Slater 
and Bonner (9) and Slater (10) that phosphate combines with the active 
center of succinic dehydrogenase. It was of interest, therefore, to test 
substrates and competitive inhibitors of the enzyme for their ability to 
activate the dehydrogenase. It was found that succinate, fumarate, and 
malonate were even more effective activators than phosphate. In general, 
regular Michaelis-Menten kinetics were obtained with each activator. 
Fig. 2 compares the effectiveness of phosphate and succinate as activators 
and Fig. 3 the effectiveness of succinate, malonate, and fumarate. In 
these experiments the activation was performed for 15 minutes at 25° 
(this period sufficed for maximal activation at the highest concentration 
of each activator) and the samples were assayed at 15°. It is seen that, 
although very different concentrations of each activator were needed to 
bring about the same extent of activation in a given time period, the 
maximal activation reached at infinite concentration of each substance 
(Vmax) was the same for succinate, malonate, fumarate, and phosphate. 

The observation described may be represented as follows: 


k 
E+A EA —— E*+A (1) 


where £ is non-activated enzyme, E* its activated counterpart, and A 
the activator, and from these an “activation constant,’’ K 4, may be derived 
for the formation of ELA, which is formally similar to but not identical 
with the Michaelis constant, K,, since in the activation the substrate 
(activator) is not used up. The values of K, have been calculated from 
the Lineweaver-Burk plots in Figs. 2 and 3 and they are compared with 
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the Michaelis constants for the same substances at the same temperature 
in Table I. In terms of concentration, malonate is the most effective 
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Fic. 2. Comparison of succinate and phosphate as activators. Aliquots of a 
purified enzyme sample (45 per cent pure) equivalent to 0.52 mg. of protein were 
incubated in 1.5 ml. of 0.075 m imidazole buffer, pH 7.6, with the amounts of succinate 
or phosphate indicated on the abscissa for 15 minutes at 25°. A control sample was 
similarly treated but without activator present to ascertain the basal activity of the 
non-activated enzyme. After cooling to 0°, aliquots (0.35 mg. of protein) were 
placed in Warburg vessels held in ice and assayed at 15° by the phenazine metho- 
sulfate method. The ordinate represents the reciprocal of the O2 uptake per 9 
minutes after subtraction of the basal activity. 
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Fic. 3. Comparison of succinate, fumarate, and malonate as activators. Condi- 
tions as those in Fig. 2, except that the activities plotted on the ordinate are cor- 


rected for the inhibition caused by the malonate or fumarate carried over from the 
preincubation to the activity measurement. 


activating agent, and the K, values for both malonate and succinate are 
lower than the K,, or K; values. In fact, in terms of this treatment, K, 
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for succinate may approach the dissociation constant of succinate with 
the non-activated enzyme, since, if k; is very slow at 25°, as might be 
expected, K, = k2/k,;. The reason for the divergence of K, for malonate 
from K, for malonate might be that the former refers to the compound 
formed with the non-activated form and the latter with the activated 
form of the enzyme. The reason why K, for fumarate is smaller than 
K, for fumarate is not known. pce 

Since one of the combining sites of the substrate in succinic dehydro- 
genase is thought to be an —SH group or groups, as judged by the fact 
that the substrate and competitive inhibitors interfere with the inhibition 
by sulfhydryl reagents (11), it was of interest to test the effect of p-chloro- 
mercuribenzoate on the activation. At concentrations of the mercurial 
which gave extensive inhibition in the catalytic test, no activation could 


TABLE |! 
Comparison of Activation and Michaelis Constants 
Compound Ka (25°) M.p. Km or Kr 
°C. 

Succinate............. 1.2 X 10 20-23 5.2 X 10~¢ 
38 1.3 X 10-3 

Malonate............. 7.2 X 10-* 20-23 2.5 X 
38 4.1 10-5 

Fumarate............. 5.6 X 10-3 20-23 8 x 10° 
38 1.9 X 10-3 

Phosphate............ 1.0 X 10° 


The figures for fumarate in the last column are K,, or K; values derived from 
measurements of the rate of the forward reaction. 


be observed. The question as to whether the dehydrogenase-mercurial 
compound could be activated by succinate, fumarate, etc., could not be 
readily answered, since the activator dissociated the enzyme-inhibitor 
compound to a large extent during the preincubation period. 

Effect of Arsenate—It has been shown that arsenate interferes with the 
activation of the enzyme by phosphate (2). The activation by succinate 
is also prevented by arsenate, in an apparently competitive fashion, but 
since the K, for succinate is very small, the effect is manifest only when 
low concentrations of succinate are used during the preincubation (Table 
II). 

Effect of Enzyme Concentration—At a given concentration of phosphate, 
the extent of activation is profoundly affected by the enzyme concentra- 
tion (Table III). In contrast, when succinate is used as an activator, the 
concentration of the enzyme has no significant influence on the extent of 
activation, where the ratio of activator to enzyme is 10* or greater. 
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When the ratio is decreased to about 10?, the influence of protein concentra- 
tion becomes manifest (Table III). These findings are in accord with the 


TaBLeE II 
Effect of Arsenate on Activation by Succinate 


O: uptake 


Succinate concentration during activation 


Activation in imidazole Activation in arsenate 
M pl. pl. 
0.01 66.8 61.6 
0.004 69.0 58.4 
0.001 66.7 46.9 
0 26.8 26.8 


Conditions: 0.4 mg. of succinic dehydrogenase (at the end of third ammonium 
sulfate step (3)) incubated with the amount of succinate stated in 0.075 m imidazole 
or arsenate buffer, pH 7.6, for 7 minutes at 38° in 1.5 ml. of total volume. After 
cooling to 0°, 1 ml. aliquots were assayed at 15° in the standard assay (3) for 9 min- 
utes in the presence of 0.02 M succinate. 


TABLE III 
Effect of Enzyme Concentration on Activation 
Concentration during activation 
Activator : O2 uptake | Activation 
M pl. per mg.| per cent 
204 
Phosphate. .... 7.5 XX 10°? 2.7 X 1077 2.8 X 105 367 80 
6.8 X 1077 1.1 105 293 44 
Succinate...... 1.43 XK 107! 1.7 XK 1075 8.4 X 103 683 234 
2.86 107? 1.7 X 10-5 1.7 X 108 603 196 
2.0 X 10-3 2.4 X 107° 8.3 10? 638 213 
2.86 X 1073 1.7 X 10-5 1.7 X 10? 488 140 


Cenditions: During activation the indicated amounts of enzyme (about 50 per 
cent pure) were incubated with phosphate or succinate, at the concentrations shown, 
at pH 7.6, for 7 minutes at 30°. After cooling to 0°, aliquots were assayed as those 
in Table II. The lowest concentration of succinate used was sufficient to activate 
fully low concentrations of the enzyme (as in Figs. 2 and 3) in 7 minutes at 30°. 


relative apparent affinities of these two activators for the enzyme as 
measured by their K, values. 

Kinetics of Activation—As documented in Fig. 4, the activation follows 
first order kinetics at all the temperatures tested. The term, a — z, used 
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to express the extent of the reaction in Fig. 4 is defined as follows: for any 
given concentration of enzyme, a = maximal activity after complete 
activation minus basal activity before activation; x = observed activity at 
any time during the activation minus basal activity; a — x = maximal 
activity minus observed activity. Further, at any time ¢, the per cent 


log (a-x) 
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10 is 20 


minutes 


Fig. 4. Kinetics of activation at different temperatures. For an explanation of 
symbols, see the text. The conditions were as those in Fig. 2, except that the imid- 
azole buffer was adjusted in each case to give pH 7.6 at the temperature of the ac- 
tivation experiment. Succinate, 2 X 10-3 M, served as activator in each experiment. 


log k 


3.35 3.40 3.45 


\/T «107? 


Fic. 5. Variation of rate of activation with temperature. Abscissa, reciprocal 
absolute temperature; ordinate, log velocity constant, derived from Fig. 4. 


activation = a — x/a. The observation of first order kinetics for the 
process suggests that a 1:1 relation exists between fully activated enzyme 
and its non-activated precursor. 

A plot of the logarithm of the velocity constants so determined against 
reciprocal temperature (Fig. 5) yields a value of 35,600 calories mole‘ for 
the energy of activation of the process. While the rate of activation is 
markedly temperature-dependent, the maximal activation reached is the 
same at all the temperatures tested (Table IV). 
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No difference in the extent of activation on incubation at 25° for 15 
minutes with succinate was observed within the pH range of 6.0 to 8.9. 
Since at this temperature a 15 minute period is just enough to achieve 
maximal activation, it is probable also that there is little influence of pH 
in this range on the rate of activation. 

Trreversibility of Activation—Once the enzyme is activated, removal of 
the activating agent fails to cause a loss of activity. After its removal, 
the activated state is maintained even during prolonged incubation at 
various temperatures. In the experiments in Table V, malonate was used 
as an activator, since prolonged contact of the purified enzyme with suc- 
cinate, as occurs during dialysis, causes appreciable inactivation. A 


TABLE IV 
Effect of Temperature on Extent of Mazimal Activation 
Temperature of activation Time O: uptake 

°C min. pl. 

0 18.2 
22.5 30 60.8 
25 15 62.5 
28 10 61.5 
38 7* 62.0 


Conditions: A series of tubes containing 0.03 ml. of enzyme (50 per cent pure, 0.5 
mg. of protein), 2 X 10-* m succinate, and 8 X 10-? m imidazole buffer, pH 7.6, ina 
total volume of 1.5 ml. was incubated at each of the temperatures indicated. At 
various times samples were chilled to 0° and aliquots were assayed at 15°, as in 
Table II. 

* The second column indicates the time at which activation was completed, ex- 
cept at 38°, at which temperature only a single sample was tested. Actually at 
38° activation is probably complete in less than 2 minutes. 


further advantage of the use of malonate is that the rate of its removal by 
dialysis may be readily followed by the gradual rise in the activity of the 
enzyme, finally reaching the level of a succinate-activated control sample. 

Spectral Changes Associated with Activation Process—The activation of 
succinic dehydrogenase is accompanied by characteristic changes in its 
absorption spectrum. The change in spectrum which occurs upon treat- 
ment of the enzyme with malonate is plotted in Fig. 6. The spectral 
change is small but reproducible and has been observed with a number of 
different preparations of the enzyme. Further, like the increased activity, 
it does not depend upon the continued presence of the activator, once the 
activation is completed. 

The difference spectrum obtained upon treatment of a non-activated 
enzyme with succinate, centering around 460 my, which has been inter- 
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TABLE V 
Irreversibility of Activation 


Activity 
Experiment No. Incubation mixture during activation 
After activation After dialysis 
pl. pl. 

1 Enzyme alone 22.5 22.0 
2 + succinate 69.0 
3 + assayed with 

malonate present 47.3 
4 Enzyme + malonate 48.9 65.5 


Conditions: Four tubes, corresponding to Experiments 1, 2, and 4, were incubated 
for 15 minutes at 25°. Each contained 0.09 ml. (1.5 mg.) 50 per cent pure enzyme, 
7.5 X 10-? m imidazole, pH 7.6, and activator as noted in a volume of 4.5 ml. The 
concentration of succinate (Tube 2) was 2 X 10-3 m, that of malonate (Tube 4) 
6X 10-*m. After being chilled to 0°, 1 ml. aliquots were removed and assayed as 
in Table II. Experiment 3 is an aliquot from Tube 2, to which malonate (2 K 1074 
m) was added just before assay to give the same concentration of malonate as car- 
ried over in Tube 4 into the assay mixture. This serves as a correction for malonate 
inhibition in Experiment 4. The remaining sample from each tube was then dialyzed 
in narrow casing for 4 hours against 6 X 10-3 m Tris buffer, pH 7.6 at 0°, and ali- 
quots were reassayed (third column). 
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Fig. 6. Difference spectrum resulting from activation by malonate. Conditions: 
0.45 ml. (6.3 mg. of protein) of a 65 per cent pure preparation, free from colored im- 
purities, was incubated with 6.5 X 10-2 mM imidazole, pH 7.6, and 6.6 X 10-3 m mal- 
onate in a volume of 0.6 ml. for 14 minutes at 25°. After dilution to 0.9 ml., an 
aliquot was assayed to ascertain that full activation had been reached and the rest 
was used for measurement of the spectrum. The optical densities plotted represent 
values after subtraction of the absorption of an identical sample which had been 
incubated without malonate. The maximum in this difference spectrum at 505 mu 
represents a 9 per cent increase in color over a non-activated control. 


preted as a simple reduction (3), is actually a composite of the two effects 
of succinate on the oxidized form of the enzyme: activation and reduction. 
This is shown by the finding that the same absolute spectrum is obtained 
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when a sample is treated with succinate alone and when it is first activated 
by malonate, with consequent spectral changes, and after removal of the 
malonate, it is then bleached by succinate. 

If the difference spectrum due to the reduction of the activated enzyme 
(Fig. 7) is then compared with the composite difference spectrum obtained 
upon addition of succinate to a non-activated enzyme (3), it is apparent 
that in the former case two peaks (at 470 and 345 my) and two shoulders 
(at 500 my and at 390 to 400 my) occur instead of a single broad band 
centering around 460 my (3). The increased activity of the enzyme as a 
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Fic. 7. Difference spectrum resulting from reduction of activated enzyme by 
succinate. Conditions: 15.8 mg. of a 70 per cent pure enzyme, free from colored im- 
purities, were incubated with 4 K 10-3 m malonate at pH 7.6 in a volume of 1.25 ml. 
for 15 minutes at 25°. After cooling to 0°, the enzyme was dialyzed for 90 minutes 
against 2 X 10-2? m phosphate, pH 7.6, in order to remove the malonate. After dilu- 
tion to 2 ml., an 0.8 ml. aliquot was treated with 0.05 ml. of 0.2 m Tris buffer, pH 8.3, 
and 0.05 ml. of 1 M succinate and the spectrum was read against an identical sample 
not containing succinate. The latter showed an absorption of EF = 0.568 against 
at 450 mu. 


result of the activation step is also observable directly in this spectrophoto- 
metric test, since the bleaching of the activated enzyme by succinate is 
significantly more rapid and extensive than with a non-activated sample. 

Changes in Michaelis Constants—Another corollary of the activation 
process is a small but definite change in the K,, values of the enzyme for 
succinate, fumarate, and possibly for phenazine methosulfate (Table VI). 

Activation of Particulate Preparations—In order to determine whether 
the activation is a special property of the highly purified enzyme isolated 
by a particular method or whether it is a general characteristic of the 
animal enzyme, the process was studied in different types of succinic 
dehydrogenase preparations and assayed by varying methods. It was 
observed in all soluble preparations of the beef heart enzyme tested at all 
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stages of purity, including the initial extract, in both the phenazine metho- 
sulfate and ferricyanide assays. Further, the activation was regularly 
observed with Ball-Cooper and Keilin-Hartree preparations of the particu- 
late succinic oxidase system, prepared in the presence or absence of phos- 
phate. The conditions which lead to activation and those optimal for 


TaBLeE VI 
Comparison of Km Values at 15° 
Substrate Not activated Activated 
1.8 X 10-4 3.1 10-4 
Phenazine methosulfate........... 5.8 X 10-4 4.8 X 10-4 
* K, values. 
TaBLeE VII 
Activation of Keilin-Hartree Preparation 
O2 uptake 
Acceptor Incubated with 
A ° P 
pl. pl. 
O, (no added cytochrome c)....... 124 158 127 
‘* (with added cytochrome c)..... 193 349 181 
Phenazine methosulfate........... 404 848 210 


Conditions: Keilin-Hartree preparation of succinic oxidase, prepared without 
the use of phosphate, Qo, = 1600, in standard phenazine methosulfate assay at 38°. 
Activation was performed by anaerobic incubation of the enzyme in 0.02 m succinate 
and 0.14 m phosphate, pH 7.6 at 25°, for 15 minutes. Assays were performed on ap- 
propriate aliquots at 15°; phenazine methosulfate assays, as those in Table II; 
succinic oxidase assays, same, but no dye and no cyanide. Cytochrome c, where 
present, was used at a final concentration of 0.4 mg. per ml. O» uptakes are calcu- 
lated per ml. of enzyme in a 10 minute reaction period. 


its measurement were essentially those already described for the soluble 
enzyme. With Keilin-Hartree preparations, activation by both succinate 
and malonate occurred at concentrations of the activators comparable to 
those used with the purified enzyme, and ranged from 100 to 180 per cent 
increase in activity compared with the untreated enzyme. Typical data 
on the activation of the particulate enzyme are shown in Table VII. In 
comparison of different assay procedures, the activation was most evident 
in the phenazine methosulfate method, which appears to be as yet the 
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best assay of the full activity of the dehydrogenase in particulate (12) as 
well as soluble preparations.2, The succinic oxidase assay (with excess 
cytochrome c added) regularly registered a slightly lower enzymatic activity 
and a correspondingly lower activation, while the same method, without 
added cytochrome c, proved to be a poor assay for either succinic dehydro- 
genase activity or the activation process.’ In the conventional methylene 
blue assay, which even at infinite dye concentrations measures only a 
fraction of the turnover number of the enzyme in this type of preparation 
(12), the phenomenon of activation might readily escape detection. 


DISCUSSION 


The data presented show that incubation of soluble or particulate 
preparations of succinic dehydrogenase with substances capable of com- 
bining with the active center of the enzyme elicits an increase in the 
enzymatic activity. The process has been referred to as an activation, 
since no evidence has been found to suggest that it is the reversal of an 
inhibition or of an inactivation. 

Two observations in particular suggest that the process involves a 
change in the configuration of the protein subsequent to its combination 
with the activator. The first of these is a very high energy of activation 
of the process, which suggests that one or more relatively strong bonds, or 
several weaker bonds, in the enzyme are altered in the transition to the 
activated form. The second observation is the change in the absorption 
spectrum which occurs simultaneously with the increase in enzymatic 
activity. While the spectral change does not permit definite localization 
of the groups involved in the transformation, it seems probable that it 
occurs somewhere in the vicinity of the iron-protein bonds, which appear 
to be responsible for the majority of the color of the enzyme over the 
entire spectral range affected by the activation. No clue to the nature of 
the protein group or groups involved in the activation has come from a 
study of the process at various pH values, since the activation was inde- 
pendent of pH in the range of 6.0 to 8.9. 

Since the enzyme as isolated from mitochondria possesses a considerable 
activity before activation (approximately 30 per cent of the value after 
activation in the average purified preparation), two possibilities exist. 


2 It should be noted that in the phenazine methosulfate assay H2O2 production 
causes the uptake of 1 mole of O2, whereas in the oxidase assays 1 atom of O2 uptake 
occurs per mole of succinate. Thus the rate of succinate oxidation in very fresh 
Keilin-Hartree preparations is only slightly lower in the oxidase assay (with added 
cytochrome c) than in the phenazine methosulfate method. Upon aging, the differ- 
ence is accentuated. 

3 In contrast to horse heart preparations, Keilin-Hartree preparations from beef 
heart are always deficient in cytochrome c. 
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Either the activation represents a conversion of totally inactive to fully 
active enzyme or the conversion of a less active form to a more active form 
of the enzyme. The first possibility appears unlikely and the second one 
probable since a change in the K,, for succinate and fumarate accompanies 
the activation. If one form of the enzyme were completely inactive, the 
K,, values would be the same before and after activation. . The variability 
encountered in the extent of activation obtainable with various prepara- 
tions of the enzyme may be due to the presence of varying amounts of the 
activated form in the enzyme as isolated. 


SUMMARY 


1. All preparations of succinic dehydrogenase from beef heart tested, 
whether soluble or particulate, can be rendered more active by incubation 
with substances which combine with the active center. 

2. The efficiency of malonate, succinate, and phosphate as activators 
is related to their apparent affinity for the enzyme, as measured by K, 
and K,, values. 

3. The activation follows a first order reaction and its rate is profoundly 
affected by temperature. At 0° the process is not measurable and at 38° 
is very rapid. The activation energy of the process is 35,600 calories 
mole 

4. The increase in activity is accompanied by characteristic changes in 
the absorption spectrum and small but significant changes in the Michaelis 
constants for the substrates. 

5. The process has been interpreted as a configurational change in the 
enzyme from a less to more active form. 
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INHIBITION OF LACTIC ACID DEHYDROGENASE 
BY FLUOROPYRUVIC ACID* 
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(From the Department of Pharmacology, University of Illinois 
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One approach to suppression of neoplastic growth is the attempt to 
inhibit selectively important enzymatic reactions of tumors. The reaction 
catalyzed by lactic dehydrogenase is of particular significance to the car- 
bohydrate metabolism of tumors, inasmuch as glycolysis plays the pre- 
dominant role in catabolism of glucose in tumors in vivo and in vitro (1-4). 
Considerable information on lactic dehydrogenase has been obtained by 
Straub (5), who crystallized lactic dehydrogenase of heart muscle, and 
Kubowitz and Ott (6), who purified and crystallized lactic dehydrogenase 
of tumors. Quastel and Wooldridge (7) studied inhibition of dehydro- 
genation of lactic acid by analogues of lactic acid, even before the enzyme 
was obtained in highly purified form. It is apparent that few compounds 
inhibit the forward reaction in which pyruvate and DPNH! react to yield 
lactate, although the reverse reaction in which lactate and diphosphopyri- 
dine nucleotide react to yield DPNH and pyruvate is inhibited by a variety 
of compounds. Among the few compounds which significantly inhibit 
the forward reaction are oxalic (7) and oxamic acids (8). The reverse 
reaction is inhibited by these compounds and also by glycolic acid, tartronic 
acid, mesotartaric acid, and the sodium bisulfite addition product of 
acetaldehyde (9). Meister (10) reported that lactic dehydrogenase will 
attack a number of a-oxo acids other than pyruvic acid at considerably 
slower rates, but none of these analogues was reported to inhibit the en- 
zymatically catalyzed reduction of pyruvate. Inasmuch as inhibition of 
glycolysis in tumors would require inhibition of the forward reaction, all 
the experiments in the present studies were carried out with DPNH and 
pyruvate as substrates. It was found that fluoropyruvic acid exhibited a 
more marked suppression of the reduction of pyruvate to lactate than the 
other available inhibitors. 


* These studies were aided by grants from the United States Public Health Service, 
grant No. (CY-2886C), and the Jane Coffin Childs Memorial Fund for Medical Re- 
search. An initial report was presented before the Forty-seventh annual meeting 
of the American Society of Biological Chemists at Atlantic City, April, 1956. 

1 The following abbreviations are used: DPNH = reduced diphosphopyridine nu- 
cleotide, LDH = lactic dehydrogenase, and F-P = fluoropyruvic acid. 
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Materials and Methods 


Lactic Dehydrogenase—The enzyme used in these studies was twice 
recrystallized rabbit muscle lactic dehydrogenase obtained from the Sigma 
Chemical Company. It was stable for at least 6 months at a temperature 
of 4°, and its specific activity was approximately 100 units per mg. (11). 

Assay—The activity of the enzyme was determined in a Beckman DU 
spectrophotometer at 340 my. The additions to the cuvette were made 
in the following order: 2.7 ml. of 0.1 m potassium phosphate buffer at pH 
7.4, 4 to 6 y of enzyme, 0.4 mg. of DPNH, 5 to 20 umoles of the inhibitor 
as the free acid, and 5 uwmoles of sodium pyruvate; the final volume was 
3.0 ml. After each addition, the cuvette was capped and shaken. After 
the final addition, the cuvette was placed in the light path, and the optical 
density was determined at 10 to 15 second intervals. 

Substrates—Sodium pyruvate was obtained from the Nutritional Bio- 
chemicals Corporation, and DPNH from the Sigma Chemical Company; 
0.4 mg. of DPNH in 3.0 ml. of reaction mixture produced an optical density 
of approximately 1.000 at 340 mu. 

Inhibitors—Potassium oxamate was generously supplied by Dr. George 
Schwert. Glyoxylic acid and the sodium bisulfite derivative of acetal- 
dehyde were generously supplied by Dr. Israel Zelitch. a-Ketobutyric acid 
was obtained from the Sigma Chemical Company, acetyl phosphate from 
the Schwarz Laboratories, Inc., thiomalic acid from the General Chemicals 
Company, and other compounds were obtained from the usual commercial 
sources. 

Fluoropyruvic Acid—Synthesis of fluoropyruvic acid was carried out by 
the method of Blank, Mager, and Bergmann (12). The product was 
chromatographed on Dowex 1 formate columns (13) and then distilled at 
60° at a pressure of 10 to 50 yu. The distillate solidified in the air condenser, 
and the white crystals were removed manually. The purest crystalline 
compound obtained melted at 85—86°, and the melting points of the dini- 
trophenylhydrazone and semicarbazone were 140—-142° and 196-198°, 
respectively. 

C;H;0;F. Calculated. C 33.96, H 2.83, F 17.92 
Found. ** 33.75, 2.90, 17.67 


Homogenates—In procedures in which homogenates were used, 10 per 
cent homogenates of liver and kidney were prepared in isotonic KCl in 
all-glass homogenizers and were added to isotonic potassium phosphate 
buffers. Fluoropyruvic acid was added in various concentrations from 
the side arm after the incubation progressed to the point where linearity 
of oxygen uptake was apparent. 


& 


H. BUSCH AND P. V. NAIR 379 


Results 


Inhibition of Lactic Dehydrogenase—The marked inhibition of activity 
of lactic dehydrogenase by fluoropyruvic acid is illustrated in Fig. 1. Addi- 
tion of 2 and 5 wmoles of fluoropyruvic acid to the system resulted in a 75 
and a 95 per cent suppression of activity, respectively. Increasing con- 
centrations of pyruvic acid did not increase the rate of the reaction. The 
rate of the enzymatic reaction was approximately the same in the presence 
and absence of pyruvate when 2 umoles of fluoropyruvic acid were present 
(Fig. 1). The concentrations of pyruvate and fluoropyruvic acid utilized 
ranged from 1 X 10-4m to2 X 10-* M, since these and other experiments 
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SECONDS 

Fic. 1. Rates of oxidation of DPNH in systems containing 4 y of lactic dehy- 
drogenase, 5 umoles of Na pyruvate, and 1 mg. of DPNH in 2.8 ml. of 0.1 Mm phosphate 
buffer at pH 7.4. In the control system the rate was linear for 60 seconds and was 
suppressed 75 per cent by 2 umoles of fluoropyruvic acid and 95 per cent by 5 umoles 
of fluoropyruvie acid. Inthe system containing 2 umoles of fluoropyruvic acid with- 
out pyruvate, the rate was equal to that of systems containing both fluoropyruvic acid 
and pyruvate, 


(6) indicated that high concentrations of pyruvate alone were inhibitory 
to enzyme activity (Fig. 2). The maximal activity of the enzyme system 
occurred at a concentration of pyruvate of 2 X 10-* m (Fig. 2). At the 
highest concentrations tested, the inhibitory effect of pyruvic acid did not 
reduce the activity of the enzyme by more than 30 per cent of the maximal 
activity. | 

Table I compares the inhibitory effects of a variety of compounds on 
the reduction of pyruvate to lactate by lactic dehydrogenase. Very few 
of the compounds tested exhibited significant inhibitory effects on the 
rate of the reaction. Inhibition of 15 to 45 per cent at concentrations 
of 0.004 to 0.020 m was observed for 6-bromopropionic acid, 6-chloropro- 
pionic acid, malonic acid, sodium formaldehyde bisulfite, chloroacetic acid, 
a-chloropropionic acid, a-bromopropionic acid, and acetoin. Only levu- 
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linic, oxamic, and oxalic acids inhibited the reaction to 50 per cent of the 
control values, and for these 50 per cent inhibition was obtained at con- 
centrations of 0.036 m, 0.0008 m, and 0.0008 M, respectively. The com- 
parative inhibitory effects of oxalic and fluoropyruvic acids are presented 
in Fig. 3. The inhibitory effects of fluoropyruvic acid were more marked 
than those of either oxalic or oxamic acid at all concentrations studied; 
the concentration producing 50 per cent inhibition of activity of the enzyme 
ranged from 0.0002 to 0.0004 m. The inhibitory activity of both oxamic 
and oxalic acids was found to be competitive, with respect to pyruvate, 
and was reversible (14). The degree of inhibition was unaffected by the 
order of addition of the reactants, as contrasted to that of fluoropyruvic 
acid (see below). No significant inhibition of the rate of the reaction was 


PYRUVATE CONCENTRATION 
AND L.DH. ACTIVITY 


006 
MOLARITY OF PYRUVATE 


Fic. 2. Effect of pyruvate concentration on DPNH oxidation in systems contain- 
ing DPNH and purified lactic dehydrogenase in concentrations equivalent to those 
of Fig. 1. 


observed in the presence of any of the other fluoro compounds studied, 
including fluoroacetic acid, hydrogen fluoride, fluoride ion, and sodium 
diethylfluorooxalacetate. 

Nature of Inhibition Due to Fluoropyruvic Acid—Increasing the con- 
centration of pyruvic acid did not increase the rate of the reaction in the 
system inhibited with fluoropyruvic acid. Increasing the concentration 
of the enzyme resulted in a marked increase in activity of the system after 
a concentration of 20 7 per 3 ml. was reached (Fig. 4). The increase of 
activity with increasing enzyme concentration does not correspond exactly 
to the Ackerman-Potter curve for a non-competitive inhibitor (14). After 
overnight dialysis of the enzyme-inhibitor mixture against a 0.1 m phos- 
phate buffer, the activity of the enzyme was restored only to 33 per cent 
of control values. Accordingly, the inhibition of lactic dehydrogenase 
by fluoropyruvic acid can be interpreted as non-competitive and largely 
irreversible. 
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TABLE I 
Inhibition of Lactic Dehydrogenase by Various Compounds 
_  |Maximal inhibi- 
seconds) 
M M 

‘“ oxalate or oxalic acid...................... 0 .0002-0 .004 87 0.0008 
a-Chloropropionic 0 .008-0 .02 38 
g-Chloropropionic “ 0.004-0 .020 22 
a-Bromopropionic “ 0.012-0.02 35 
8-Bromopropionic 0.004-0 .020 18 
8-lodopropionic .004—-0 .016 30 

a-Oximinopropionic acid. .................... .016 0 
8-Fluoropropionic acid....................... .02 0 
Chloropyruvic 0.004 0 
Hydroxypyruvic acid. 0 .0008-0 .004 0 
Bromopyruvic 0 .0008-0 .04 8 
Diethylfluorooxalacetate (Na)................ 0.004-0.012 0 
Acetylmercaptoacetic acid.................... 0.02-0.04 30 
Acetyl phosphate, Li......................... 0.04 0 
0.02-0.04 25 
Na formaldehyde bisulfite.................... (0.004-0.016 38 
a-Ketoglutaric 0.02 15 

ml. ml, 

Rabbit serum immunized..................... 0.05-0.20 81.5 0.05 


Mechanism of Inhibition—One of the characteristics of the inhibition of 
lactic dehydrogenase by fluoropyruvic acid is the decrease of inhibitory 
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activity with time and with neutralization of the inhibitor. Addition of 
the components of the reaction to a solution of inhibitor which has been 
neutralized resulted in a reaction rate which was essentially the same as 
that of the control system (Fig. 5). This finding may account for the 
results of Avi-Dor and Mager (15), who did not find inhibition of lactic 


RELATIVE INHIBITION OF L.O.H. 
BY OXALATE AND FLUOROPYRUVATE 
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Fic. 3. Comparative inhibition of lactic dehydrogenase by fluoropyruviec and 
oxalic acids. The [C59 for fluoropyruvie acid is 4.2 K 10-‘ m, while that for oxalate 
is 8.3 X 10-4 M. 


EFFECT OF ENZYME CONCENTRATION 
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L. D.H. 
Fic. 4. Increased rate of oxidation of DPNH with increased enzyme concentration 
in fluoropyruvie acid-inhibited systems compared with control system. 


dehydrogenase in systems to which the sodium salt of fluoropyruvic acid 
was added. Even in systems markedly inhibited by fluoropyruvic acid 
(Fig. 5), some increased activity of the enzyme was noted as time pro- 
gressed ; at 24 hours, the activity was only 25 per cent of the control value. 
Addition of fresh enzyme to any of the inhibited systems after an interval 
of 1 minute or more resulted in reduction of pyruvate equal to control 
values (Fig. 5). 
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A second characteristic of the inhibition is indicated in Table II. Maxi- 
mal inhibition of the enzyme by fluoropyruvic acid was obtained only 
when buffer, enzyme, and DPNH were incubated together before addition 
of the inhibitor (Table II). If the inhibitor was added to the enzyme in 
buffer before DPNH was added to the system, markedly less inhibition 
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Fic. 5. Effect of increased duration of incubation of fluoropyruvic acid on rate of 
DPNH oxidation by purified lactic dehydrogenase. Rate of enzymatic reaction in- 
creased from 10 to 25 per cent of control values in systems treated with 5 umoles of 
fluoropyruvic acid. Addition of fresh enzyme resulted in DPNH oxidation at a 
rate equal to control values. In a system containing ‘‘neutralized”’ fluoropyruvic 
acid in place of sodium pyruvate, the rate of DPNH oxidation was equal to control 


values. 


TaBLeE II 
Effects of Order of Additions on Inhibition of Enzymatic 
Activity by Fluoropyruvic Acid 


Optical density per minute 
(6) DPNH added after LDH and F-P.................... 0.240 
(e) Add fresh LDH to (d)...... 0.300 


was noted; a similar result was obtained when fluoropyruvic acid and 
DPNH were mixed together before addition of LDH. By contrast, 
oxamic and oxalic acids inhibited the enzyme equally well, whether added 
before or after DPNH. These data suggest that a stable ternary complex 
is formed between enzyme, DPNH, and fluoropyruvic acid. The site of 
this binding does not seem to be a sulfhydryl group, inasmuch as cysteine 
exerted no protective effect against the inhibition (Table III). 


n of 
een 
> as 

the 
ctic 

. 

Neut zed 

F-P 

2 WM F-P 

4 8 

d 
d 
)- 
| 


384 INHIBITION OF LACTIC DEHYDROGENASE 


Enzymatic Specificity of Inhibition—Fluoropyruvic acid did not signifi- 
cantly depress the activity of alcohol dehydrogenase in either direction of 


TaBLeE III 
Effect of Cysteine on Inhibition of LDH by Fluoropyruvic Acid 
Optical density per minute 
F-P added after DPNH, LDH, and cysteine, 20 umoles.... 0.020 
Add 20 umoles of cysteine after above additions. .......... 0.020 
Add fresh LDH to above system.......................... 0.295 
625 f 
4 
EFFECT OF FLUOROPYRUVIC 
500 3, ACID ON OXIDATION OF PYRUVATE 
AND MALATE 
\ 
S250] 
\ 
KIDNEY 
LIVER 


10 
MICROMOLES FLUOROPYRUVIC ACID 
Fig. 6. Inhibition of oxidation of malate and pyruvate in homogenate systems. 

To each flask was added 0.8 ml. of 10 per cent rat liver homogenate or 0.5 ml. of rat 
kidney homogenate, 20 wmoles of Na pyruvate, 5 umoles of K malate, and 30 uwmoles 
of KPO, buffer at pH 7.4. The final volume was made to 3.0 ml. with isotonic KCl. 
When oxidation was observed to be proceeding linearly, fluoropyruvic acid was 
added to the main chamber from the side arm. 


the reaction. Moreover, fluoropyruvic acid did not significantly alter the 
rate of reduction of oxalacetic acid by malic dehydrogenase. 

Effects on Homogenate Systems—In both liver and kidney homogenate 
systems, oxidation of a mixture of pyruvate and malate or acetate and 
malate was progressively inhibited with increasing concentrations of 
fluoropyruvic acid (Fig. 6). However, in concentrations up to 0.003 M 
there was no significant inhibition of oxidation of citrate, glutamate, and 
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a-ketoglutarate in either the liver or the kidney system. At a concentra- 
tion of 0.006 m fluoropyruvic acid, oxidation of malate and pyruvate was 
inhibited by 90 per cent, whereas that of citrate, a-ketoglutarate, or gluta- 
mate was inhibited 60 to 70 per cent. These data indicate that fluoro- 
pyruvic acid inhibits both oxidative and reductive metabolism of pyruvate. 


DISCUSSION 


It is not possible to identify precisely the active inhibitory compound 
because of the difficulty of distinguishing between the relatively inactive 
neutralized compound and the active inhibitory compound. It is possible 
that fluoropyruvic acid is the inhibitory compound and undergoes con- 
densation reactions on alkalization of the medium. It is also possible that 
the inhibition is due to small concentrations of fluoropyruvic anhydride, 
fluoropyruvic acid, the cis or trans enol isomers of fluoropyruvic acid, 
para-fluoropyruvic acid, and the d and / optical isomers of para-fluoro- 
pyruvic acid lactone. Each of these forms might be structurally affected 
by alkalization of the medium, and the possibility that one form is an 
extremely active inhibitor cannot be excluded until the various compounds 
have been obtained in pure form.? 

It would appear that at least two stages were involved in the inhibition 
of the enzyme; the first, a more complete but partially reversible stage, 
and the second, an irreversible inhibition of the enzyme. In the first stage 
the enzyme-inhibitor complex may be stabilized by hydrogen bonding 
between the enzyme and the fluorine of the inhibitor, while later the 
inhibitor may react with some part of the reaction center and form a stable 
complex; 7z.e., it could attack a hydroxyl or amino group and become 
chemically bound to the reaction center. The failure of bromopyruvic 
and chloropyruvic acids to inhibit the enzyme suggests a stereospecific 
requirement for inhibitory activity. 

From the standpoint of the enzymatic specificity of the inhibition due to 
fluoropyruvic acid, it is of interest that oxidation of a number of com- 


? The analysis of the dinitrophenylhydrazone of the neutralized fluoropyruvie acid 
was essentially the same as that of the original compound. Moreover, the total keto 
acid present (16) was not markedly changed. The structural similarity which exists 
between the enol forms of fluoropyruvic acid, oxalic and oxamic acids, suggests that 
only one form is actively inhibitory. 


O FCH O O O 
c—c —c 


HO OH NH, OH 


HO OH 


It seems possible that the cis and trans enol forms are in equilibrium with each other 
and with the keto form and that alkalization favors a non-inhibitory form. 
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pounds of the citric acid cycle was not suppressed by fluoropyruvic acid, 
However, oxidation of malic and pyruvic and malic and acetic acids was — 
markedly inhibited by fluoropyruvic acid. These data suggest that fluoro- | 
pyruvic acid directly inhibits pyruvic oxidase and also can form fluoroacety] 
coenzyme A, which prevents the utilization of acetate by these systems. 
Not only is there no citrate accumulation in these in vitro systems as has 
been found with fluoroacetate, but also there is inhibition of formation 
of citrate (17). It would appear that enough fluoroacetyl coenzyme A 
forms to inhibit acetate utilization, but only a relatively small amount 
forms fluorocitrate, and hence sufficient aconitase and other enzymes of 
the citric acid cycle remain available for oxidation of the citrate which 
is formed. 


SUMMARY 


1. Fluoropyruvic acid is a non-competitive, partially reversible inhibitor 
of lactic dehydrogenase. In concentrations of 0.0006 M, it inhibits the 
activity of the enzyme by 75 per cent. Fluoropyruvic acid is approxi- 
mately twice as effective an inhibitor of lactic dehydrogenase as oxalic and 
oxamic acids. 

2. A variety of other compounds, including a number of fluoro com- 
pounds, hydroxypyruvic, chloropyruvic, and bromopyruvic acids, exhibited 
little inhibition of the enzyme. 

3. Fluoropyruvic acid is unstable in alkaline solution, and, after a short 
period of incubation at pH 7.4, it not only exhibits no inhibition of the 
enzyme but is converted to a substrate for the enzyme. 

4. Fluoropyruvic acid inhibits oxidative as well as reductive metabolism 
of pyruvic acid. In homogenate systems, oxidation of malate and pyru- 
vate and malate and acetate was progressively inhibited by increasing 
concentrations of fluoropyruvic acid ranging from 0.0006 m to 0.006 .- 
Oxidations of citrate, a-ketoglutarate, and glutamate were not significantly 
inhibited at the lower concentrations of fluoropyruvic acid, and, at the 
higher concentrations, were significantly less inhibited than the oxidation 
of pyruvate and malate. 
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STUDIES ON THE AUTOCATALYTIC 
ACTIVATION OF TRYPSINOGEN 
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Recent work on the autocatalytic conversion of trypsinogen to trypsin 
(1, 2), first described by Kunitz and Northrop (3), has brought to focus a 
more detailed picture of the chemical changes accompanying this transfor- 
mation. Thus, it has been shown that during the activation, and simul- 
taneously with the appearance of tryptic activity, a lysyl-isoleucine bond 
is broken in the N-terminal region of the trypsinogen molecule and that 
correspondingly increasing amounts of a hexapeptide, having the structure 
valyl(aspartyl),-lysine, can be isolated from the activation mixtures. It 
has also been shown (4) that a similar parallelism exists between the ap- 
pearance of enzymatic activity and a decrease in the specific levorotation 
of the protein. | 

Although the correlation of these chemical and physical events with the 
appearance of enzymatic activity appears satisfactory, the observations 
fail to provide a rational explanation, in structural terms, for the appear- 
ance of enzymatic activity after removal of a small peptide from the N- 
terminal region of the single polypeptide chain of the trypsinogen molecule. 
It was deemed of importance, therefore, to gain further insight into the 
activation process by establishing additional correlations between experi- 
mental parameters, both chemical and physical, and, further, by looking 
for still other unknown events which would help to establish a molecular 
interpretation for the formation of the enzyme from its inactive precursor. 
It is the purpose of this communication to report on some new experimental 
studies dealing with this problem. Interpretation of the various changes 
which have been found in terms of a proposed model for the activation of 
trypsinogen will be dealt with more fully in a future publication. 


EXPERIMENTAL 
Materials 
Trypsinogen (lot No. TG522) was a once crystallized product containing 


50 per cent MgSO,, prepared by the Worthington Biochemical Corporation, 
Freehold, New Jersey. The protein was usually dissolved in 0.01 m HCl, 


* Fellow of the Belgian-American Educational Foundation. 
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dialyzed extensively in the cold against 0.001 m HCl, pH 3, to remove salt 
and other low molecular weight impurities, and used directly as such or 
after subsequent lyophilization. In some cases, 0.01 M acetic acid was 
used instead of HCl in order to avoid the presence of non-volatile chloride 
ions. The protein was practically free from active trypsin when assayed 
by the esterase method with BAEE,' and could be fully activated by the 
addition of trypsin. However, when assayed with ATEE, the protein 
preparation revealed a few per cent of chymotryptic activity, a fact to which 
due consideration was given, as will be described elsewhere in this paper. 
Moving boundary electrophoresis at pH 3.0, 4.7, and 8.0 (ionic strength 
0.1) showed in all cases that the preparation was homogeneous. Pre- 
liminary chromatographic experiments with the cation exchange resins | 
Amberlite XE-64 (5) and CM-W-cellulose (6) also confirmed its stability 
as well as its purity. 

Acetyl trypsinogen was prepared according to the method of Olcott and 
Fraenkel-Conrat (7) after treatment of trypsinogen with DFP, a precaution 
which appeared to be essential in order to avoid spontaneous activation 
during the acetylation process. In a typical preparation, 400 mg. of 
lyophilized trypsinogen were taken up in 4 ml. of 0.001 m HCl at 0°; 0.05 
ml. of pure DFP was added, the pH was raised to 7.5 with 0.1 m NaOH, 
and the mixture was incubated with stirring for 1 hour, the pH being main- 
tained constant by occasional additions of 0.1 m NaOH. At that point, 
4 ml. of saturated sodium acetate in water (pH 8.7) were added; the pro- 
tein concentration was estimated spectrophotometrically on an aliquot 
and adjusted to 5 per cent by mixing with an adequate quantity of half 
saturated sodium acetate. 1.5 ml. of pure ice-cold acetic anhydride were 
then introduced, under stirring, in ten additions of 0.15 ml. over a period 
of 60 minutes, which caused the pH to drop slowly from 8 to 5. The mix- 
ture was then left in the ice bath for 5 to 6 hours, during which time acetyl 
trypsinogen progressively precipitated. Finally, the contents of the re- 
action vessel were dialyzed overnight in the cold against 6 liters of distilled 
water, followed by two changes of 0.1 m Tris buffer, pH 7.2, during which 
time acetyl trypsinogen went back into solution. After clarification by 
centrifugation in the cold, the preparation was used directly or kept in 
the frozen state. | 

At no time during the preparation did tryptic activity (esterase method) 
appear. The purity of the final product was ascertained by moving bound- 


1 The following abbreviations are used in this paper: DFP, diisopropyl] phospho- 
fluoridate; ATEE, acetyl-L-tyrosine ethyl ester; BAEE, benzoyl-L-arginine ethyl 
ester; Tris, tris(hydroxymethyl)aminomethane; STI, soy bean trypsin inhibitor; 
TCA, trichloroacetic acid; DEAE-cellulose, diethylaminoethylcellulose; CM-W- 
cellulose, carboxymethylcellulose. 
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ary electrophuresis in 0.1 mM Tris buffer, pH 7.2 (Fig. 1), and the extent of 
acetylation was estimated by comparing the number of free amino groups 
present in the initial and final materials, according to the colorimetric 
method of Harding and MacLean (8) (Table I). An attempt was further 
made to submit acetyl trypsinogen to column chromatography, with use of 
the cellulose anion exchange resin, DEAE-cellulose, of Peterson and Sober 
(6) and an exponential gradient elution of increasing ionic strength, pH 


Fic. 1. Ascending electrophoretic pattern of a 0.61 per cent solution of acety 
trypsinogen in 0.1 mM Tris buffer, pH 7.2, after 290 minutes at 3.48 volts em.-!. Diree 


tion of migration from right to left. 


TABLE I 
Number of Free Amino Groups in Acetyl Trypsinogen 
Free amino groups | Trypsinogen Acetyltrypsinogen 
Protein,* moles per mole... | 17.3 1.9 


* As determined with ninhydrin by the method of Harding and MacLean (8), 
with use of an alanine standard, and a molecular weight of 23,800 and 24,400 for 
trypsinogen and acetyl trypsinogen, respectively. 

t As calculated with reference to trypsinogen. 


7.0. As shown in Fig. 2, essentially a single peak was obtained, whose 
characteristics will be discussed below. 

Trypsin was a twice crystallized product prepared by the Worthington 
Biochemical Corporation. The protein was dissolved in 0.01 m HCl, 
dialyzed extensively in the cold against 0.001 m HCl, pH 3, and used di- 
rectly as such or after thawing of the frozen solution. This material, 
when assayed by the esterase method (BAEE), was fully active, giving a 
zero order rate constant (per mg. of enzyme N per ml.) of ko = 0.36 at 
26°, in agreement with the literature (9). 

Soy bean trypsin inhibitor was a salt-free, five times crystallized product 
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prepared by the Worthington Biochemical Corporation. Solutions of the 
protein were prepared immediately before use in alkaline buffers appro- 
priate for each experiment. 
Benzoyl-L-arginine ethyl ester was prepared as previously described (10-12). 
Indole was a c.p. grade product obtained from Matheson, Coleman, and 
Bell, East Rutherford, New Jersey, and was used without further purifica- 
tion. 
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FRACTION NUMBER 

Fic. 2. Chromatogram of acetyl trypsinogen on DEAE-cellulose. The lyophil- 
ized protein was dissolved in and dialyzed overnight against 0.005 Mm phosphate buffer, 
pH 7.0. It was put on the column previously equilibrated with the same buffer and 
eluted with an exponential gradient of increasing ionic strength, 0.05 M phosphate 
buffer containing 0.1 m NaCl flowing into the mixing chamber. 2 ml. fractions were 
collected in the cold room at a flow rate of 1.45 ml. per hour. O, extinetion at 280 mg 
read in 0.5 cm. cells; @ , extinction at 580 my X 2 of ninhydrin reaction products from 
0.5 ml. aliquots of each fraction. The calculated recovery, based on E29 readings, 
was 98 per cent at Fraction 75. 


Diethylaminoethylcellulose was taken from a sample which had been kindly 
presented to the laboratory by Dr. Herbert A. Sober, to whom we are very 
much indebted. 

Carboxymethylcellulose was prepared from Whatman standard grade 
ashless cellulose, according to a method described by Ellis and Simpson (13). 

Dowex 50 and XE-64 ion exchange resins were products obtained from the 
Dow Chemical Company, Midland, Michigan, and from Rohm and Haas, 
Philadelphia, Pennsylvania, respectively. 


Methods 


Protein concentrations were determined by measuring the absorption 
at 280 my in a Hilger Uvispek spectrophotometer, with an extinction co- 


= 
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efficient E}”,, = 13.9 for trypsinogen and 14.4 for trypsin (1). Soy bean 

trypsin inhibitor concentrations were estimated by weighing the amount 

of protein to be dissolved. Acetyl trypsinogen was determined spectro- 

photometrically, the same extinction coefficient as for trypsinogen being 
arbitrarily used. 

All the pH values were determined with the glass electrode by using a 

Cambridge model R pH meter. 

Tryptic activities were determined by the esterase method as previously 
described (11), BAEE being used as substrate (12). The different reagents 
were combined in such a way as to obtain a constant total concentration of 
0.015 m borate buffer, 0.02 m CaCl., and 0.01m BAEE. The measurements 
were carried out at pH 7.8 and at 26° + 0.2°. 

Activation was performed at 0°, with a trypsinogen or acetyl trypsinogen 
solution of approximately 1 per cent and in the presence of 0.05 m Cat+ 
ions. Enough trypsin solution was added to attain a 1:20 enzyme to 
substrate ratio. The pH was then raised to 8.0 and maintained constant 
for the necessary length of time by the buffering action of added salts 
(0.1 m Tris buffer) or by the addition of base (0.05 m NaOH in presence of 
0.1 m KCl). 

As it was observed that trypsinogen as well as trypsin preparations 
contained 1 to 2 per cent of an enzymatic impurity having esterase activity 
towards ATEE (see above), the additional precaution was taken to include 
in some of the experiments a sufficient amount of a chymotrypsin inhibitor 
in order to minimize the participation of this enzyme in the activation 
process. Indole (14), at a concentration of 0.005 or 0.01 m, was chosen for 
reasons of solubility in the presence of Ca** ions. 

Extents of activation were always expressed in per cent with reference 
to the final and highest activity level reached in an experiment, after cor- 
rection for the amount of trypsin added as promoter. This final level 
generally corresponded to the activity of a pure trypsin preparation of the 
same concentration. Theoretical activation curves were calculated by 
using the formula of Kunitz (15): 


IT] [Tglo + [T]o 
~ 1+ (Tgl/Th) exp — k([Tglo + 


where [Tg]. and [T], represent initial trypsinogen and trypsin concentra- 


tions, respectively, and k is the kinetic constant for the process Tg +- T a 
2T. The value of the constant at 0° and pH 8.0 was found to be 0.195 
and 0.227 ml. per micromole per minute in 0.1 m KCl containing 0.05 m 
CaCl, and 0.005 m indole, and in 0.1 m Tris buffer containing 0.05 m CaCl, 
and 0.01 m indole, respectively. 

Titrations at constant pH were carried out in a Jacobsen-Léonis auto- 
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titrator (16) manufactured by Ole Dich, Instrument Maker, Copenhagen, 
Denmark, and equipped with a titrator type TTT-1 from the Radiometer 
Corporation, Copenhagen, Denmark. The assembly was used with a 
double walled reaction vessel through which water from a constant tem- 
perature bath was circulating. 

Moving boundary electrophoresis was carried out in the Spinco model 
H electrophoresis apparatus. The amounts of protein corresponding to 
the different components were estimated by measuring the best fitting 
Gaussian areas with a polar planimeter on enlargements magnified three 
times made from phase plate photographic records of the boundaries. 

Optical rotation was measured in a Rudolph high precision polarimeter 
No. 80, equipped with a sodium lamp. Constant temperature was main- 
tained by circulating a cooling mixture through the jacket of a 2 dm. cell. 


Results 
C-Terminal Groups of Trypsinogen and Trypsin 


Several attempts (17) have been made to detect a C-terminal group in 
trypsinogen, but all have met with failure. However, more recently it has 
been reported (18) that “basic carboxypeptidase”’ liberated approximately 
1 equivalent of lysine from commercial, crystalline preparations of trypsin. 
In view of the importance of this finding for the structural analysis of the 
autocatalytic activation of trypsinogen, it was decided to investigate this 
question further, especially as recent modifications, by Bradbury (19), 
of the hydrazinolysis method have provided a good quantitative procedure 
for the chemical determination of C-terminal groups. In the present ex- 
periments, the same method was applied to trypsinogen, and to trypsin 
formed therefrom, under the very conditions of activation which were 
observed throughout this work. The trypsin was thus recovered from a 
large batch of activation mixture as soon as 100 per cent activation was 
reached, when the pH was lowered to 3 and the protein dialyzed extensively 
in the cold against 0.001 m HCl and lyophilized. 

In a typical experiment, 11.2 mg. of trypsinogen (0.47 umole) and 10.3 
mg. of trypsin (0.45 umole) to which 26 mg. of hydrazine sulfate had been 
added were dried for about 3 hours under a vacuum over P.O; at room 
temperature. 0.2 ml. of freshly distilled hydrazine (100 per cent) was 
added, and the tubes were sealed and incubated for 16 hours at 61° (chloro- 
form reflux distillation). The contents were then evaporated to dryness 
under a vacuum over concentrated H.SO,, dissolved in 1 ml. of 0.02 m HCl, 
the pH being adjusted to around 3 with a drop of 1 m HCl, and were stirred 
for 2 hours, with 0.4 ml. of benzaldehyde. The suspensions were then 
centrifuged and the upper aqueous phases recovered with a micropipette. 
These were desalted on a small Dowex 50 column (20), with 0.25 m NH,OH 
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as eluent, and one-half of each sample was applied to a propanol chromato- 
gram? (Whatman No. 3 paper, buffered with 0.05 m Na,P2O; and 0.1 m 
NaCl, pH 7.3; solvent, 70 ml. of n-propanol, 15 ml. of water, 15 ml. of 
buffer; 40°), while the remaining portions were applied to a phenol chro- 
matogram (Whatman No. 3 paper, buffered with 0.05 m Na,P.O; and 0.1 
m NaCl, pH 9.3; solvent, 100 ml. of phenol, 100 ml. of m-crésol, 28 ml. of 
buffer; 25°). The two samples showed almost exactly the same patterns, 
revealing the presence of only traces of the following amino acids: aspartic 
acid, serine, glycine, lysine, ornithine, and possibly glutamic acid; when 
estimated by a method derived from that of Connell, Dixon, and Hanes 
(21), these amino acids amounted to 0.1 to 0.2 umole per umole of protein. 
In view of the large quantities initially involved and the good yields which 
are associated with this method, the detected amino acids were considered 
to be insignificant, especially as in a control experiment 0.4 umole of lysine 
was recovered with a yield of 78.7 per cent, indicating that the method was 
adequate to detect the suspected change if it had occurred during the acti- 
vation. It must be concluded, therefore, that trypsinogen and trypsin do 
not differ in their C-terminal group and are devoid of any of the amino 
acids detectable by the modified hydrazinolysis method. 


Activation of Acetyl Trypsinogen 


It is clearly known from previous work (1) that during the activation of 
trypsinogen a lysyl-isoleucine bond is broken and that the hexapeptide 
valyl(aspartyl),-lysine is liberated. The possibility, however, remained 
that this event was coincidental and not directly related to the activation 
process, and that trypsin splits also some other bond, the resulting end 
groups escaping detection by conventional methods of analysis. It was, 
therefore, deemed important to determine whether the blocking of the 
lysine groups of trypsinogen would still allow activation to occur. Acetyla- 
tion was chosen for this purpose, and acetyl trypsinogen was prepared as 
described above. 

The activation of the preparation was tested as follows: 0.2 ml. of a 
freshly prepared solution of acetyl trypsinogen (19 mg. per ml.) was incu- 
bated at 0°, pH 8.0, with 0.18 ml. of 0.2 m Tris buffer containing 0.1 m 
CaCl, and 0.02 ml. of a freshly prepared, fully active trypsin solution 
(concentration, 50 mg. per ml.). Assays were performed at several time 
intervals, giving, after 5.5 hours, a final value of only 14.3 per cent of the 
maximal activity in comparison with trypsinogen which had been activated 
under the same conditions; after 24 hours the specific activity of the mix- 
ture had remained unchanged. It is to be noted that this degree of acti- 


2 This system was kindly proposed to us by Professor C. S. Hanes, Department of 
Biochemistry, University of Toronto, Toronto, Ontario, Canada. 
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vation corresponds closely to the extent to which the protein remained 
unacetylated, as given by the percentage of free amino groups left after 
treatment with acetic anhydride (Table I). 

In order to investigate further the relation between the activation of 
acetyl trypsinogen and the degree of acetylation, a column chromatographic 
analysis of the acetylated protein was undertaken, with use of the anion ex- 
change resin DEAE cellulose. As already mentioned, essentially one peak 
was obtained as evidenced by absorption measurements carried out on the 
collected fractions at 280 mu. However, when colorimetric ninhydrin de- 
terminations, according to the procedure of Moore and Stein (22), were 
carried out on aliquots of the same fractions, a displacement of the peak 
and an increase of irregularities could be observed (Fig. 2). The most 
obvious interpretation of this fact would be that the eluted protein actually 
consisted of closely related species which differ from one another in the 
degree of acetylation; the decrease in the E’'570/F2309 ratio with increasing 
effluent volume (equivalent to decreasing basicity) appears to be in support 
of this interpretation. 

When different parts of the over-all peak were assayed, a decrease in 
maximal activation was similarly observed, yielding a value of 4.7 per cent 
for protein recovered from Fractions 1 to 17, and 1.8 per cent for aliquots 
taken from Fractions 35 and 36. This result again seems to indicate that 
the activation of acetyl trypsinogen is inversely proportional to the degree 
of acetylation, so that, in all probability, fully acetylated trypsinogen 
would not be activatable at all. 


Base Consumption and Number of Peptide Bonds 
Broken during Activation 


The activation of zymogens by trypsin has often been viewed as a specia 
case of limited proteolysis (23). Another way which presented itself to 
investigate the chemical events during the process was thus to measure 
the number of peptide bonds split during the course of the reaction. The 
activation was, therefore, followed by titrating at constant pH the release 
of protons in a way similar to that suggested by the work of Richards (24). 

Measurements were carried out in the Jacobsen-Léonis autotitrator (16) 
as follows: 2 ml. of an ice-cold trypsinogen solution (51.5 mg. per ml.) 
previously dialyzed overnight against 6 liters of 0.1 m KCI-HCl, pH 3, 
containing 0.05 m CaCl., were placed in the constant temperature cell 
(2°) of the titrating assembly together with 2 ml. of 0.1 m KCl containing 
0.05 m CaCl, and 4 ml. of 0.01 m indole in 0.1 m KCl containing 0.05 Mm 
CaCl... A drop of octyl alcohol was added to prevent foaming during 
stirring, and the pH was raised to 8.0 with 0.1 m NaOH. At that point, 
0.2 ml. of a trypsin solution (24.3 mg. per ml., pH 3) was added with a 
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micropipette. The titration at constant pH (8.0) was started with 0.049 
mu NaOH in the syringe, and the process was followed by automatic record- 
ing for about 3 hours. A typical experimental record is reproduced in Fig. 
3. In a parallel experiment, samples were withdrawn at different time 
intervals and the activation was followed by the esterase method. 

Several comments regarding these experiments deserve-to be made at 
this point. In the first place, as mentioned above, the presence of an im- 
purity showing esterase activity towards ATEE and amounting to a few 
per cent was detected in the trypsinogen and trypsin preparations used. 
When no special precaution was taken in this respect, it was observed that 


Fic. 3. Automatic recording of the base consumption during the activation of 
trypsinogen as measured in the Jacobsen-Léonis autotitrator. See the text for ex- 
perimental details. Base consumption appears as the ordinate (0.010 ml. of 0.049 m 
NaOH for 10 mm.) and time as the abscissa (8 minutes for 10 mm.). The rapid in- 
itial base consumption is due to neutralization of the acid introduced together with 
the trypsin solution (pH 3). 


the curve relating base consumption to time had an irregular shape and was 
difficult to reproduce. In order to exclude, as far as possible, interference 
by this factor, a large molar excess of indole (14) over the estimated im- 
purity was included in the activation mixtures. Under these conditions 
the base consumption curves always assumed the typical S-shape of an 
autocatalytic process and were fully reproducible (Fig. 3). 

Another difficulty encountered in this type of study is the quantitative 
relation of the amount of base consumed to the number of peptide bonds 
broken during the process. This calculation implies knowledge of the pK 
of the liberated amino group or groups and a rigorous treatment of the 
question would, therefore, involve the comparison of the titration curve of 
the mixture at the beginning and end of the activation process. However, 
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since only a limited number of peptide bonds is hydrolyzed during this 


reaction, in contrast to the extensive degradation of ribonuclease by sub- 
tilisin, studied by Richards (24), the total effect would be too small to be 
subject of quantitative analysis by the present method. One is, therefore, 
left with only two possibilities, 7.e. (a) to express the results as per cent of 
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Fic. 4. Base consumption during the activation of trypsinogen expressed as per 
cent and compared with the appearance of enzymatic activity. See the text for ex- 
perimental details. The solid line represents the calculated autocatalytic curve 
according to Kunitz, formula on the experimental points for activity (O), A and V, 
per cent total base consumption as calculated for regular time intervals from the 
automatic recording of two separate experiments. 


total base consumption as a function of time, or (6) to make a reasonable 
guess concerning the value of the pK of the amino group or groups involved. 
The first alternative is exemplified in Fig. 4, in which the data obtained 
from two separate experiments are plotted together with the activation 
data. It is seen that both parameters, base consumption and activation, 
are exactly superimposable, suggesting strongly that one single bond is 
broken during the process. The second alternative is summarized in 
Table II, which shows that, depending on the choice of the pK of 8.1 or 
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7.6, respectively, for the free amino group or groups, 1 or 2 wmoles of base 
are consumed during the activation of 1 umole of trypsinogen. If the posi- 
tive heat of ionization of the a-amino group is considered to be approxi- 
mately 10 kilocalories per mole (25), the higher value is to be favored since 
these measurements were carried out at low temperature. The data sug- 
gest, therefore, that a single bond is being broken during activation. 


TABLE II 
Number of Peptide Bonds Broken during Activation (Experiment 1) 
No. of tide bonds broken 
Time NaOH* Ratio, — 
umole trypsinogen 
pK 8.1 pK 7.6 
min pmoles 
0 0.0000 0.0000 0.0000 0.0000 
S 0.0245 0.0057 0.0102 0.0200 
16 0.2940 0.0678 0.1216 0.2382 
24 0.6615 0.1526 0.2738 0.5361 
32 1.1030 0.2544 0.4564 0.8937 
40 1.5690 0.3619 0.6492 1.2714 
48 1.9840 0.4577 0.8211 1.6079 
56 2.2040 0.5084 0.9121 1.7860 
64 2.3020 0.5310 0.9526 1.8654 
72 2.3760 0.5481 0.9833 1.9255 
80 2.400 0.5536 0.9932 1.9448 
90 2.400 0.5536 0.9932 1.9448 


* As measured on the automatic recording of the autotitrator and corresponding 
to the base consumption at pH 8.0 during the activation of 4.335 uwmoles of trypsino- 


gen. 
t As calculated from the values of the third column by multiplication with the 


appropriate factor given by the Henderson-Hasselbalch equation for the pH cor- 
rection. 


Electrophoresis of Partial Activation Mixtures 


It is known that the activation of several zymogens is a complex process 
which gives rise to intermediary products, some of which are enzymatically 
active. The occurrence of such a possibility in the activation of trypsino- 
gen has never been excluded, but no experimental data in its support have 
yet been published. The success of the moving boundary electrophoresis 
method in the study of intermediates arising during the rapid activation of 
chymotrypsinogen (26) has prompted the application of this method to 
the present system. However, a major difficulty in this case arises from 
the fact that the activating enzyme, trypsin, is a product of the reaction 
and is thus present in quantities which exceed considerably what is generally 
considered as a catalytic amount. The complete inactivation of the en- 
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zyme at the moment of termination of the activation process is thus essen- 
tial. However, the simple expedient of lowering the pH to the acid range 
(pH 3) before dialysis and subsequent electrophoresis proved to be inap- 
plicable, since at pH 3 the electrophoretic mobilities of trypsinogen and 


trypsin do not sufficiently differ from one another to allow their separation | 


even after 1200 minutes of electrolysis. Inactivation of trypsin with DFP 
likewise proved to be unsuitable for the present purpose since the reaction 
does not occur fast enough to permit the termination of the activation proc- 
ess to be placed on an absolute time scale. The use of soy bean trypsin 
inhibitor was, therefore, adopted, and, although the solubility of this in- 
hibitor and of its compound with trypsin requires electrophoresis to be 
conducted at a pH not lower than pH 8, preliminary experiments carried 
out on an artificial mixture of trypsinogen, trypsin, and STI showed that 
the system was perfectly stable at pH 8 (0.1 m Tris buffer containing 0.05 
M CaCl, and 0.01 m indole) and could be electrophoretically separated into 
its three components, trypsinogen, STI-trypsin, and excess STI. Trypsin- 
ogen and STI-trypsin are, under these conditions, both positively charged,’ 
whereas free STI carries a negative charge. The recovery of the com- 
ponents, as estimated planimetrically from enlarged tracings of the elec- 
trophoretic diagrams, was quantitative. 

The procedure finally adopted is best illustrated by a typical experiment 
as follows: 190 mg. of lyophilized trypsinogen were dissolved in 3.8 ml. of 
chilled 0.001 m HCl, and the exact concentration (approximately 50 mg. 
per ml.) of the solution was measured spectrophotometrically. To 3.5 ml. 
of this solution were added at 0° (ice bath) 10.5 ml. of 0.1 m Tris buffer, 
pH 8.0, containing 0.05 m CaCl, and 0.01 m indole; the pH was then ad- 
justed to 8.0 with a drop of concentrated Tris solution, and a stop watch 
was started when 0.35 ml. of a trypsin solution (21.3 mg. per ml.) was 
added. At predetermined times, 4 ml. samples of the activation mixture 
were removed and quickly transferred to test tubes containing a sufficient 
amount of STI solution (10 mg. per ml. in the Tris-CaCl,-indole buffer) 
to inhibit completely 1.5 times the amount of tryptic activity which was 
calculated to have appeared during these time intervals. The solutions 
were thoroughly mixed, the volume made to 10.5 ml. with buffer, and then 
dialyzed overnight in the cold against 1 liter of Tris-CaCl.-indole buffer 
before being subjected to electrophoresis. Also, 0.25 ml. aliquots of the 
same activation mixture were removed at some intermediary time intervals, 
adjusted to pH 3 with a known volume of 0.5 m HCl, and the extent of 
activation was measured in the usual manner. 


3 This point is in contradiction to the data of the literature (27) which indicate for 
the STI-trypsin compound an isoelectric point of pH 5.0. However, those experi- 
ments were performed by the cataphoretic method and need to be repeated by mov- 
ing boundary electrophoresis. 
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Drawings of the photographic patterns corresponding to six representa- 
tive electrophoretic runs carried out in this way are reproduced in Fig. 5, 
which shows clearly a progressive increase in the relative concentration of 
STI-trypsin in the system. The exact rate of increase of trypsin as a 
function of time was estimated from these drawings as follows: first, the 
total area corresponding to positively charged material, the only one of 
interest here, was measured on each diagram; similarly, the area corre- 
sponding to the STI-trypsin peak was measured and its area reduced by a 
factor of 0.56, which is the ratio of the molecular weights of trypsin and 


105 min we 739 min. 
16.0 min 739 min 


21.5 min DS 739 min 


295 min aN 582 min. 
415 min So 582 min 
475 min 613 min 


TG | STI 


Fig. 5. Electrophoretic diagrams (ascending) of activation mixtures in 0.1 mM 
Tris buffer, pH 8.0, containing 0.05 mM CaCl, and 0.01 mindole. The potential gradient 
was 2.83 volts cm.~!. The time of activation is given on the left, and the time of 
electrophoresis on the right-hand margin. The initial boundaries of the different 
runs have been aligned horizontally to facilitate comparison of the various com- 
ponents denominated at the bottom of the figure. The ascending mobility of the 
STI-trypsin compound was +1.11 10-5 sq. em. volt~! see.—!. 


STI-trypsin (23); the value thus obtained then allowed a correction for 
bound STI to be made on the first measurement, bringing the area cor- 
responding to positively charged material to a value which, within the 
errors of weighing of trypsinogen, should be a constant in all the experi- 
ments, as it is known (23) that the molecular weights of trypsinogen (initial 
product) and trypsin (final product) are practically identical. After cor- 
rection for the amount of trypsin added at the beginning of the reaction, 
the quotient of the reduced area of the STI-trypsin peak to the constant 
representing the positively charged material gave the percentage of trypsin 
formed from trypsinogen at each time. The results are plotted in Fig. 6, 
together with the corresponding activation data. 
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It is also clear from the patterns of Fig. 5 that the amount of trypsinogen 
present decreases with time. The estimation of the rate of disappearance 
of trypsinogen, however, and the exact interpretation of the process are 
made ambiguous by the fact that, in several cases, a third positively charged 
component appeared, with a mobility intermediary between trypsinogen 
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Fic. 6. Appearance of trypsin in partial activation mixtures expressed as per 
cent and compared with the appearance of enzymatic activity. See the text for ex- 
perimental details. The solid line represents the calculated autocatalytic curve 
according to Kunitz’ formula on the experimental points for activity (O). A, per 
cent total trypsin appearing as STI-trypsin compound, as calculated from the re- 
sults of moving boundary electrophoresis experiments. 


and STI-trypsin. The nature of this compound remained obscure and 
will be considered in the discussion. 


Optical Rotation Change during Activation 
Previous work in this laboratory (4) has shown that the activation of 
trypsinogen is accompanied by a change in optical rotation of the reaction 
mixture which parallels the appearance of activity. These measurements 
were made, however, under conditions different from those generally used 
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in this work. In order to have at hand a set of data which would be more 
directly comparable to the results which have just been described, the 
change in optical rotation during activation was, therefore, followed at 
exactly the same conditions as those prevailing in the other experiments, 
i.e. trypsinogen concentration of 12.1 mg. per ml., trypsinogen to trypsin 
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Fic. 7. Change in optical rotation during activation, expressed as per cent and 
compared with the appearance of enzymatic activity. The solid line represents the 
calculated autocatalytic curve according to Kunitz’ formula on the experimental 
points for activity (O); A, per cent total change in optical rotation, as calculated 
from the polarimetric measurements. 


ratio of 23.2:1, 0.1 m Tris buffer, pH 8.0, containing 0.05 m CaCl, and 0.01 
M indole, 2°. The results are plotted in Fig. 7, together with the appear- 
ance of activity as measured on aliquots of the same solution. It is seen, 
again, that there is complete parallelism between the two sets of measure- 
ments, confirming the previous finding that activation is accompanied by 
a structural change of the molecule, and that the two events are directly 
related. 
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DISCUSSION 


The results of the present investigation, viewed against the background 
of previous work, lead to a coherent picture of the tryptic activation of 
trypsinogen, which may be summarized as follows: The appearance of 
tryptic activity as a function of time, when no inert protein is formed, can 
be adequately described by the equation of an autocatalytic reaction 
(Equation 1), as formulated by Kunitz and Northrop. The change in 
four different chemical or physical properties follows this same rate law, 
indicating that they are all manifestations of one and the same molecular 
event. These properties are as follows: (a) the appearance of trypsin as 
estimated electrophoretically as the STI-trypsin compound; (b) the per- 
centage change in base consumption during activation as measured in the 
autotitrator at pH 8; (c) the amount of the hexapeptide valyl(aspartyl),- 
lysine, as isolated chromatographically from the TCA-soluble fraction of 
activation mixtures (1); (d) the percentage change in optical rotation. The 
correlation between activity and trypsin concentration indicates that no 
intermediate compound with enzymatic activity is formed during the 
activation process, a conclusion which differentiates clearly the activation 
of trypsinogen from that of chymotrypsinogen. The correlation between 
enzymatic activity and base consumption strongly suggests that only one 
peptide bond is broken during the reaction. This conclusion is subject 
to the restriction that no amino group having a pK higher than 9 or 10 is 
formed during this process; thus, rupture of a hypothetical bond involving 
the e-amino group of a lysine side chain is not precluded by these measure- 
ments. The correlation between enzymatic activity and the amount of 
the isolated hexapeptide indicates that the cleavage of the lysyl-isoleucine 
bond is simultaneous with activation. The correlation between enzymatic 
activity and change in optical rotation supports the view that molecular 
rearrangement is an essential step of the activation process. 

Additional conclusions which may be drawn from the present findings 
are the following: (a) The splitting of at least one lysyl bond is a necessary 
condition for activation, since fully acetylated trypsinogen cannot be 
activated, and no hexapeptide is liberated under these conditions.‘ (6) 
The hydrolytic event of activation is limited to the N-terminal region of 
the molecule, as the reaction is not accompanied by the appearance of a 
C-terminal amino acid. As this last fact excludes the previously mentioned 
possibility that rupture of a hypothetical bond involving the e-amino group 
of a lysine side chain occurs during the process, the view is further supported 
that the peptide bond being broken is of a unique nature. 

In view of all evidence considered, the hydrolysis by trypsin of the lysyl- 


4 Unpublished experiments. 
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isoleucine bond in the N-terminal region of the single polypeptide chain of 
trypsinogen thus seems to be the sole chemical event occurring during 
activation; the configurational changes, demonstrated by measurements 
of the optical rotation, must then be considered to be the consequence of 
this hydrolytic cleavage. Ina recent consideration of this problem it was 
proposed (28, 29) that some of the amino acid side chains (asparty] or lysy] 
or both) in the N-terminal sequence of trypsinogen are hydrogen-bonded 
to more distant residues elsewhere in the polypeptide chain, thus establishing 
a loop, and that splitting of the covalent lysyl-isoleucyl bond in turn causes 
the molecule to reorient itself so as to allow a histidine and a serine side 
chain to interact with one another to form the catalytic site. According 
to this interpretation, the hydrolytic cleavage of the lysyl-isoleucyl bond 
can be considered as a requirement of, and a mechanism for, the selective 
rupture of the adjacent hydrogen bonds, thus freeing the structural im- 
pediment and allowing the specific reorientation of the polypeptide chain. 
This modification cannot be duplicated when random splitting of hydrogen 
bonds is brought about by urea‘ or pH changes, presumably because other 
essential hydrogen bonds are destroyed as well. 

The formation of an unidentified electrophoretic component with a 
mobility intermediate between that of trypsinogen and STI-trypsin com- 
pounds appears to be at variance with all other experimental observations 
previously considered. Pending further clarification of this phenomenon, 
including the enzymatic characterization of this component, we prefer to 
consider it as an artifact which arises during the extended period of dialysis 
preceding the electrophoretic measurements. 

The present investigation has also clarified in part the problem of the 
nature of the C-terminal groups in trypsinogen and trypsin, respectively. 
As the modified hydrazinolysis procedure employed in this study has 
yielded no detectable C-terminal group in trypsinogen before or after ac- 
tivation, one must conclude either that the C-terminal group of the single 
polypeptide chain in these proteins is involved in peptide bond formation 
or that the chain terminates in an a-amide or possibly in a cystine residue. 
Reports on the liberation of lysine from crystalline trypsin by carboxypep- 
tidase or basic carboxypeptidase (18) are at variance with the present re- 
sults unless it is assumed that further (autolytic) changes have accompanied 
the formation of crystalline trypsin from fully activated trypsinogen.® 
Such hydrolytic changes, if brought about by trypsin, would lead to the 
formation of a basic (lysine or arginine) C-terminal group, and are indicated 
by the observations‘ that, during activation, the base uptake at pH 8 


> Preliminary experiments carried out recently in this laboratory have further con- 
firmed this point of view, as no basic amino acid, and in particular no lysine, is 
liberated from trypsinogen by basic carboxypeptidase, before or after activation. 
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continued to rise after completion of the activation process, particularly 
when indole was omitted from the activation mixtures, the activity of the 
preparation remaining, nevertheless, perfectly constant. 


Our thanks are due to Mr. Roger D. Wade for the electrophoretic anal- 
yses reported in this publication. 

This work has been supported in part by the National Institutes of 
Health, Unites States Public Health Service, grant No. RG-4617. 


SUMMARY 


1. In order to gain additional information on the nature of the auto- 
catalytic activation of trypsinogen, the activation reaction has been fol- 
lowed by measurements of the electrophoretic component distribution of 
partial activation mixtures, by determination of the base consumption at 
constant pH, and by measurements of the optical rotation. Correlation 
of these findings with those previously reported leads to the conclusion that 
the splitting of the lysyl-isoleucyl bond in the N-terminal region is the sole 
chemical event occurring during activation, and that no other peptide 
bond is hydrolyzed during the process. 

2. Acetylated trypsinogen has been prepared by reaction of the protein 
with acetic anhydride and it has been found that the protein derivative, 
when fully acetylated, cannot be converted by trypsin into an active en- 
zyme. 

3. Application of the modified hydrazinolysis procedure to trypsinogen 
before and after activation has failed to reveal any evidence for a C-termi- 
nal group. The presence of C-terminal lysine in crystalline trypsin is 
probably the result of secondary degradation occurring during the isolation 
of the crystalline product. 

4. The mechanism of the tryptic activation of trypsinogen has been 
considered and discussed in the light of all pertinent experimental data. 
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THE RELATION OF DIETARY PYRIDOXINE TO THE 
5-HY DROXYTRYPTOPHAN DECARBOXYLASE 
ACTIVITY OF RAT KIDNEY 
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Recent studies in this laboratory have indicated that pyridoxal phosphate 
is a cofactor for rat kidney 5-hydroxytryptophan decarboxylase (1). As 
an extension of this report, the effect of dietary pyridoxine on the formation 
and activity of this enzyme in the kidney of the albino rat has been deter- 


mined. 


EXPERIMENTAL 


The basal diet used in these studies consisted of devitaminized casein! 
18.0 per cent, sucrose 65.7 per cent, cottonseed oil (Wesson) 2.7 per 
cent, corn oil (Mazola) 5.3 per cent, Salt mix W? 4.0 per cent, L-cys- 
tine 0.3 per cent, and vitamin mixture 4.0 per cent. The vitamin mix- 
ture was a sucrose triturate which, when added as indicated, gave the 
following vitamin contents per kilo of diet: thiamine hydrochloride 5 mg., 
riboflavin 5 mg., calcium pantothenate 20 mg., niacin 25 mg., p-amino- 
benzoic acid 10 mg., biotin 0.5 mg., inositol 100 mg., choline chloride 
500 mg., menadione 2 mg., vitamin By: 50 y, vitamins A and D (as oleum 
percomorphum) 9000 and 1275 U.S. P. units, respectively, and 34 per 
cent mixed tocopherols 200 mg. Pyridoxine hydrochloride was added 
as indicated. Groups containing up to nine male albino rats with an 
average initial weight of 54 gm. each were used. Records of food con- 
sumption were kept. 

Rats were killed at the specified intervals by decapitation. Homog- 
enates were prepared from two kidneys in 4 ml. of distilled water. In- 
cubations were carried out for 2 hours under nitrogen gas in 0.1 M sodium 
pyrophosphate buffer, pH 8.0, in the presence of 10 umoles of 5-hydroxy- 
bL-tryptophan.* Details of the incubation and the analytical methods 


! Devitaminized casein, Sheffield Chemical Company, Norwich, New York. The 
vitamin B, content of this casein, as determined by the standard yeast growth as- 
say, is 0.17 mg. per kilo. 

2? Obtained from the Nutritional Biochemicals Corporation, Cleveland, Ohio. 

3 The following abbreviations are used throughout this paper: 5-hydroxy-pL- 
tryptophan, 5-HT; 5-hydroxytryptamine, 5-HTA. 
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employed have been described previously (1). Enzymatic activity is 
expressed as micromoles of 5-HTA formed per 100 mg. of dry weight per 
hour. 

The “inherent activity” of the kidney homogenate is defined as that 
observed when the substrate alone was added. Since it has already been 
demonstrated that the coenzyme, pyridoxal phosphate, is present in 
rate-limiting concentrations in these homogenates (1), the inherent activity 
is a function of the available coenzyme content of the preparation. The 
“maximal activity” of the homogenate is the greatest activity obtainable 
in the presence of an excess of the coenzyme (200 y). Under these condi- 
tions, the rate-limiting constituent is the apoenzyme or the unknown 
cofactors. For convenience, unknown cofactors have been disregarded 
and the maximal activity is considered to be a measure of the available 
apoenzyme. The degree of saturation of the apoenzyme by the coenzyme 
in the homogenates is calculated as follows: 


Inherent activity 
Maximal activity 


xX 100 = per cent saturation of apoenzyme 


RESULTS AND DISCUSSION 


As indicated by the inherent and maximal activities, both the 5-HT 
decarboxylase coenzyme and apoenzyme concentration in rat kidney were 
markedly reduced by vitamin Be deficiency (Table I, Groups 2 and 4). 
From the data presented it can be calculated that the coenzyme content 
was halved in about 2 weeks on the deficient diet, although a similar loss 
of apoenzyme required nearly 4 weeks. That these résults were not due 
to inanition in the deficient rats was shown by the failure of food restric- 
tion to produce similar losses (Group 6). The loss of both coenzyme 
and apoenzyme was readily reversible after the deficient rats were placed 
on an adequate diet (Groups 3 and 5). 

The results of the present study corroborate the previous demonstration 
that, with a pyridoxine intake adequate for normal growth, the apoenzyme 
of rat kidney 5-HT decarboxylase is not saturated with the coenzyme 
as measured under these conditions (1). This finding was investigated 
further by studying the interrelation of pyridoxine intake, enzyme satura- 
tion, and body growth. Diets containing 0 to 20 mg. of added pyridoxine 
hydrochloride per kilo were fed for 35 days and measurements of body 
weight gain and 5-HT decarboxylase activity were made. In order to 
facilitate comparison, the results under the various conditions are ex- 
pressed as percentages of the highest value observed for each variable at 
any time (Table IT). 

The body weight gain and apoenzyme and coenzyme content of the 


\ 


J. A. BUZARD AND P. D. NYTCH 


411 


TABLE I 
Vitamin Bs Deficiency and 5-HT Decarbozylase Activity 
Activity 
Diet Fed Weight gain — 
n- Maxi- 
herent mal 
days gm. per cent 
1 | Basal + pyridoxine 13 51 2.82-| 3.66-| 66-79 
3.20 | 4.33 
35 175 
2 Basal (deficient) 13 9 1.35 | 2.85 47 
3 ‘* basal + pyridoxine 13;4 11; 22 2.23 | 4.06 55 
4 Basal (deficient) 35 74 0.34 | 1.15 30 
5 ‘¢ basal + pyridoxine 35; 12 64; 76 3.00 | 4.42 | 68 
6 Basal + pyridoxine 35 84 2.49 | 3.81 65 
(pair-fed to Group 4) 


Where indicated, 20 mg. of pyridoxine hydrochloride were added per kilo of 
basal diet. Activity was expressed as micromoles of 5-HTA formed per 100 mg. of 
dry weight per hour. See the text for definitions of activity measurements. 


TABLE II 
Dietary Pyridozine, 5-HT Decarborylase Activity, and Growth 
Per cent maximal value 
Average daily pyridoxine intake, 
per rat 
Body weight gain a Coenzyme content 

0 37 30 12 

30 96 91 67 

60 95 93 91 

130 97 93 97 

180 100 98 96 

240 93 96 100 


The actual maximal values for the three variables are body weight gain, 186 gm.; 
apoenzyme content (in terms of 5-HTA formed as defined in the text), 3.86 uwmoles 
per 100 mg. per hour; coenzyme content, 2.93 wmoles per 100 mg. per hour. The 
average daily pyridoxine intakes correspond to the following dietary concentrations 
of pyridoxine hydrochloride: 30, 2.5 mg. per kilo; 60, 5.0 mg. per kilo; 130, 10.0 
mg. per kilo; 180, 15.0 mg. per kilo; and 240, 20 mg. per kilo. 


kidneys were all depressed by the deficient diet. With an average daily 
pyridoxine intake of 30 y per rat, maximal body weight gain was observed, 
in agreement with the recognized rat growth requirement of 10 y per day 
(2). The apoenzyme content of the kidney closely paralleled the changes 
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in body weight gain, with the maximal content‘ found in the group con- 
suming 30 y per rat per day. The coenzyme content was more sensitive 
to pyridoxine intake and the kidneys did not attain their highest coenzyme 
content until the pyridoxine intake reached 60 y per rat per day. These 
results confirm the conclusion reached with the deficient animals that the 
5-HT decarboxylase coenzyme is more sensitive than the apoenzyme to 
changes in dietary vitamin Bs supply. These data, indicating that the 
available codecarboxylase of rat kidney can be increased by increasing 
the pyridoxine intake up to 60 y per rat per day, are in agreement with 
the report of Bellamy et al. that a similar increase in the codecarboxylase 
content of rat muscle can be demonstrated with pyridoxine intakes up to 
50 y per rat per day (3) and with the study of Sheppard and McHenry 
demonstrating no change in the total vitamin Bes content of rat liver or 
kidney with pyridoxine intakes of 60 to 2060 y per rat per day (4). 

The saturation of the apoenzyme was not increased above 79 per cent, 
even when the daily pyridoxine intake was 240 y per rat. This finding 
could be due to a true physiological limitation of codecarboxylase availa- 
bility as a result of such factors as absorption, destruction in vivo, or 
excretion, or to a limitation imposed by reaction in vitro such as code- 
carboxylase destruction. 

Hope has shown that vitamin Bg deficiency results in the loss of the 
coenzyme for cysteine sulfinic acid decarboxylase within 4 days, whereas 
the apoenzyme for this same system is lost within 4 to 11 days (5). Roberts 
et al. have found that the coenzyme of brain glutamic acid decarboxylase 
is markedly reduced within 49 to 72 days on a vitamin Be-deficient diet, 
while the apoenzyme is not affected by this period of deficiency (6). The 
data presented here show that 5-hydroxytryptophan decarboxylase is 
a typical pyridoxal phosphate-requiring decarboxylase somewhat less 
sensitive to vitamin B, deficiency than cysteine sulfinic acid decarboxylase, 
but more sensitive than glutamic acid decarboxylase. 


SUMMARY 


The requirement for pyridoxal phosphate as a coenzyme for rat kidney 
5-hydroxytryptophan decarboxylase has been further elucidated by 
studies with vitamin Be-deficient rats. While both the apoenzyme and 
the coenzyme activities of the tissue are reduced by vitamin Bg deficiency, 
the coenzyme activity is the more sensitive. The relation of pyridoxine 
intake to body growth and kidney 5-hydroxytryptophan decarboxylase 
activity has been investigated and discussed. , 


‘ Because of the variation encountered in the determination of enzymatic ac- 
tivity, differences of less than +10 per cent are not regarded as significant. 
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THE SUCCINATE-GLYCINE CYCLE* 


Il. METABOLISM OF 6-AMINOLEVULINIC ACID 


By ANDREW M. NEMETH,t CHARLOTTE 8. RUSSELL, anp DAVID SHEMIN 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, June 12, 1957) 


A mechanism by which the a-carbon atom of glycine is metabolically 
detached from its carboxyl group has been postulated (1-3). ‘‘Active’’ 
succinate condenses on the a-carbon atom of glycine to yield a-amino- 
8-ketoadipic acid which on decarboxylation yields 6-aminolevulinic acid 
(Reactions 1 and 2). 


(1) HOOC—CH,—CH,—COOH + NH.—CH:—COOH 
— HOOC—CH,—CH,—CO—CHN H.COOH 


(2)  HOOC—CH,—CH,—CO—CHNH.—COOH 
— + CO, 
This aminoketonic acid is the source of all the carbon atoms of protopor- 
phyrin (2-4). In this series of reactions, the a-carbon atom of glycine 
becomes the 6-carbon atom of 6-aminolevulinic acid. Since the a-carbon 
atom of glycine, detached from its carboxyl group, is not only utilized for 
porphyrin synthesis but also conforms to the metabolic pattern of the 
“C,” compounds (3), this carbon acylation of glycine may be a mechanism 
by which the a-carbon atom of glycine is utilized in the synthesis of various 
compounds. If so, the 6-carbon atom of 6-aminolevulinic acid should 
follow the same metabolic course as the a-carbon atom of glycine and the 
remaining carbon atoms should be reconverted to succinate. The series 
of reactions would thus be cyclic in nature, succinate acting as the meta- 
bolic catalyst for the metabolism of glycine. This cyclic series of reac- 
tions, the succinate-glycine cycle, has been postulated in order to explain 
not only the formation of 5-aminolevulinic acid, the precursor of porphyrin, 
but other features of the metabolic behavior of glycine as well. 
In this communication, evidence is presented which supports the postu- 
lated cyclic series of reactions. The experiments demonstrate that the 
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ent address, Department of Anatomy, School of Medicine, University of Pennsyl- 
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6-carbon atom of 6-aminolevulinic acid is utilized for the ureido groups of 
purines and is converted to formic acid. Further, it has been found that 
the succinyl moiety of 6-aminolevulinic acid gives rise to succinate. 

In order to study the metabolic fate of the 6-carbon atom, we have 
administered 6-aminolevulinic acid-5-C"™ to birds and compared its utiliza- 
tion for purine and hemin formation to that of glycine-2-C". 

In the experiment in Table I, ducks were injected with these two isotopic 
compounds and subsequently the radioactivities of the heme and of the 
ureido groups of guanine from the red blood cells were determined. It 
can be seen (Table I) that both the hemin and the ureido groups of the 
guanine synthesized from 6-aminolevulinic acid-5-C“ were about 2 times 
more radioactive than the compounds produced from glycine-2-C". This 


TABLE I 


Comparison of C\* Activities of Hemin and Ureido Carbon Atom of Guanine Isolated 
from Duck Erythrocytes after Injection of 6-Aminolevulinic Acid-6-C™ 
(0.054 Mc. per Mmole) and with Glycine-2-C'4 
(0.1 Mc. per Mmole) 


C' activity of hemin and Carbon 2 of guanine synthesized 
from Ratio of 
Radioactive product activities 
6-Aminolevulinic acid-5-C™ Glycine-2-C™ 
c.p.m. molar activity c.p.m. molar activity 
3900 209 , 000 1835 99 , 500 2.1 
Guanine sulfate......... 214 3,900 
Carbon 2 of guanine as 
guanidine picrate..... 100 2,380 56 1,340 1.8 


ratio of 2 may be minimal in view of the excretion of 6-aminolevulinic acid 
and of the ease with which this compound may condense with itself to 
form pyrazine derivatives. 

In Table II, the results are given for the utilization of 6-aminolevulinic 
acid-5-C™ for the synthesis of uric acid in the pigeon. The C" distribu- 
tion among the carbon atoms of the uric acid resembles the distribution 
known for the a-carbon atom of glycine and for formate. The radio- 
activity of carbon atom 6 of uric acid is the same as that of the respiratory 
carbon dioxide. 

The production of formate and carbon dioxide from both 6-aminolevu- 
linie acid-5-C" and glycine-2-C" was studied in the rat. These compounds 
were injected into rats, and, with the aid of carrier formate, the radio- 
activity of the urinary formate was determined. During the experimental 
period, the respiratory carbon dioxide was collected and its radioactivity 
measured. Table III shows that the radioactivity of the formate formed 
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from 6-aminolevulinic acid-5-C" is equal to or greater than that of the 
sample formed from glycine-2-C", whereas the carbon dioxide produced 
from glycine-2-C" is far more radioactive than that formed from 6-amino- 
levulinie acid-5-C". 

In order to assess the cyclic nature of the postulated series of reactions, 


the possible formation of succinate from 6-aminolevulinic acid was studied. 
Rats were injected with 6-aminolevulinic acid-1,4-C™ together with 


TaBLeE II 
Distribution of C'* Activities among Carbon Atoms of Pigeon Uric Acid Synthesized 
from 6-Aminolevulinic Acid-5-C™ (0.05 Mc. per Mmole) and from 
y-Ketoglutaraldehyde-5-C™ (0.05 Mc. per Mmole) 


activities in 
aa of Activities Uric acid carbon No.* poe 
Uric acid 
2,8 4 5 6 
é-Aminolevulinie | C.p.m. 600 208 52 0 96 103 
acid-5-C™ (8 Molar activity, 8,400 | 5,700} 710 0 | 1300 | 1400 
hrs.) % total in uric 100 68 Ss 0 15 
acid 
é-Aminolevulinic | C.p.m. 1,090 374 84 7 82 80 
acid-5-C™ (24 Molar activity, | 15,300 | 10,200 | 1150 | 170 | 1120 | 1100 
hrs.) % total in uric 100 67 S 1 7 
acid 
6-Aminolevulinie | C.p.m. 1,030 255 | 218 | 35) 240 
acid-5-C' (72 Molar activity, 14,500 | 7,000 | 3000 | 850 | 3300 
hrs.) % total in uric 100 48 21 6 23 
acid 
y-Ketoglutaralde- | C.p.m. 164 44 20 S 24 
hyde-5-C™ (72 Molar activity, 2,300 | 1,200; 270; 190 | 330 
hrs.) % total in uric 100 52 12 8 15 
acid 


* Carbon 5 counted as dimedon formaldehyde; the others as BaCQ3. 


malonate, and succinic acid was isolated from the urine. It was found that 
the excreted succinic acid was highly radioactive and that all of the radio- 
activity resided in the carboxyl groups (Table IV). The dilution was 
merely 180-fold. 

y-Ketoglutaraldehyde, presumably derived by oxidative deamination of 
§-aminolevulinic acid (Reaction 3), had been postulated previously (3) as 
an intermediate in the formation of succinate from 6-aminolevulinic acid. 


(3) 
If this were indeed the case, the aldehydic carbon atom of y-ketoglutaralde- 
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hyde would be utilized for compounds other than heme, in the same manner 
as the 6-carbon atom of 6-aminolevulinic acid. 

The production of formate and carbon dioxide from y-ketoglutaralde- 
hyde-5-C" was studied in the rat. The data in Table III show that the 
radioactivity of the formate formed from y-ketoglutaraldehyde-5-C" is a 
number of times greater than the samples from glycine-2-C™ or 6-amino- 


TABLE III 
Comparison of Radioactivities in Formic Acid and Respiratory CO, Synthesized from 
5-Aminolevulinic Acid-§-C™ (0.05 Mc. per Mmole), from Glycine-2-C"* (0.05 Mc. per 
Mmole), and from y-Ketoglutaraldehyde-5-C"* (0.05 Mc. per Mmole) in Rat 


Radioactivity of 
Substrate Formate® Respiratory CO:* 
No. of mmole No. of mmoles 
excreted excreted 
p.m. C.p.m. 
6-Aminolevulinic acid-5-C™............ 620 0.66 17 36 
y-Ketoglutaraldehyde-5-C™............| 1732 0.61 474 36 


* Counted as BaCQs3. 


TABLE IV 


Distribution of Radioactivity of Succinic Acid Synthesized from 5-Aminolevulinic 
Acid-1,4-C'™ (0.025 Mc. per Mmole) in Rat 


Compound analyzed for C™ C activities 
c.p.m. molar activity 
Carboxyl groups of succinic acid as 
319 8750 


* Succino-p-phenylazoanilic acid. 


levulinic acid-5-C™. Studied also was the utilization of y-ketoglutaralde- 
hyde-5-C"™ for the synthesis of uric acid in the pigeon. As shown in Table 
II, the C"™ distribution among the carbon atoms of the uric acid closely 
resembles the distribution found for 6-aminolevulinic acid-5-C". 
Further, it was found that y-ketoglutaraldehyde cannot be converted 
back into 6-aminolevulinic acid. This is evidenced by the failure of 
hemolyzed duck erythrocytes to utilize y-ketoglutaraldehyde-5-C" for 
heme synthesis as well as by the non-utilization of this compound for 
heme synthesis in the pigeon in vivo. Although y-ketoglutaraldehyde 
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was metabolized somewhat as expected, these experiments, of course, 
cannot establish it as an intermediate. 


EXPERIMENTAL 
Radioactive Compounds 


6-Aminolevulinic acid-5-C'* was made from £$-ketoadipic acid-2-C™ as 
previously described (3). 6-Aminolevulinic acid-1,4-C' was prepared 
by Dr. Elliott Schiffmann (4). Glycine-2-C' was purchased from Tracer 
Laboratories, Inc. 

Ethyl levulinate-5-C™ was obtained as a byproduct in the preparation! 
of diethyl 8-ketoadipate-2-C™. After hydrolysis of the ester in 2 Nn HCl, 
the levulinic acid-5-C was brominated to form 3,5-dibromolevulinic 
acid-5-C™ in 80 per cent yield. This compound was hydrolyzed to give 
y-ketoglutaraldehyde-5-C"™ as described by Wolff (5). The aldehyde 
was further characterized by preparing a number of derivatives previously 
described by Veibel (6), the p-nitrophenyl osazone, the 2 ,4-dinitrophenyl 
osazone, and its pyridine salt. These compounds were shown to have 
the same specific radioactivity as the dibromolevulinic acid-5-C™. Mix- 
ture of these derivatives with samples prepared from authentic levulinic 
acid resulted in no depression of melting points. 

An alternative synthesis of levulinic acid from methyl iodide and £- 
carbomethoxypropionyl chloride as described by Cason (7) was found 
to be satisfactory and is adaptable for making levulinic acid-5-C™. Start- 
ing with 25 mmoles of methyl iodide, methyl levulinate was obtained in a 
yield of 67 per cent. Hydrolysis of the ester in this case was carried out 
in 0.3 n KOH at room temperatures for 24 hours. The hydrolysate was 
neutralized with 1 N HCl, the methanol removed from the solution by 
aeration, and the water removed by vacuum distillation and desiccation 
in vacuo over KOH. The residue was extracted several times with diethyl 
ether. The ether solution was fractionally distilled. The yield of levu- 
linic acid from the methyl levulinate was 88 per cent. 

Measurement of Radioactivity—Samples were deposited as an ‘‘infinitely 
thick” layer on a standard dish and assayed for their radioactivity with 
an end window counter. The results are reported as counts per minute 
above background. The use of the term molar activity is as defined 


earlier (8, 9). 


Molar activity = activity found X ((mol. wt. in gm.)/12 gm.) 
xX number of moles of compound in parent molecule 


Hemin Synthesis in Pigeon and by Hemolyzed Duck Erythrocytes 


1 mmole of y-ketoglutaraldehyde-5-C" (0.05 me. per mmole) was in- 
jected intraperitoneally in the pigeon in four divided doses over a period of 


1 Weliky, I., and Shemin, D., manuscript in preparation. 
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48 hours. 24 hours after the last injection, the pigeon was exsanguinated 
by decapitation and hemin was prepared from whole blood (10). 
Hemolyzed duck erythrocytes were incubated as previously described 
(3, 8) with 4 mg. of y-ketoglutaraldehyde-5-C™ (0.05 mc. per mmole) 
in a volume of 30 ml. Hemin was prepared as described previously (10). 
Hemin and Purine Synthesis in Duck Blood—A duck was injected intra- 
peritoneally with 5 mmoles of 6-aminolevulinic acid-5-C™ (0.054 me. 
per mmole) or glycine-2-C™ (0.1 me. per mmole) divided into four doses 


over a period of 2 days. After 5 days the duck was exsanguinated. He- 


molysis was effected with saponin, and the nuclei sedimented by centrifu- 


gation and extracted with 1 m sodium chloride. The nucleic acids were | 
precipitated with ethanol. After acid hydrolysis, guanine was isolated | 


from a Dowex 50 column, recrystallized as guanine sulfate, and carbon 2 
was obtained as guanidine picrate by the method described by Brown et al. 


(11). Hemin was prepared from the supernatant solution as described © 


previously (10). 


Uric Acid Synthesis in Pigeon—Pigeons were fasted for 24 hours and 


injected with 1 mmole of 6-aminolevulinic acid-5-C" (0.05 mc. per mmole) 
intraperitoneally. Droppings and respiratory CO2 were collected in one 
experiment for 8 hours, in another for 24 hours. In a third experiment 


the 1 mmole of 6-aminolevulinic acid-5-C (0.05 mc. per mmole) was | 


divided into four doses over a period of 2 days and the droppings collected 
for 3 days. The latter experiment was repeated by using y-ketoglutaralde- 
hyde-5-C™ (0.05 mc. per mmole). The uric acid was isolated from the 
droppings and degraded by a combination of the methods of Buchanan 
et al. (12) and Cavalieri et al. (13). Carbons 2 and 8 and 6 and 4 were 
counted as BaCQs, carbon 5 as dimedon formaldehyde. 

Formate and Respiratory CO2 Synthesis in Rat—A 100 gm. rat was 
fasted for 12 hours and then injected with 2 mmoles of sodium formate 
and 0.25 mmole of 6-aminolevulinic acid-5-C" (0.05 mc. per mmole), 
glycine-2-C™ (0.05 mc. per mmole), or y-ketoglutaraldehyde-5-C™ (0.05 
me. per mmole), intraperitoneally. Respiratory COs and urine were 
collected for 6 hours. Urinary formate was isolated and oxidized to CO: 
as described by Piria (14). Formate and COz were counted as BaCQ3. 

Succinate Synthesis in Rat—Two rats totaling 340 gm. in weight received 
1.2 mmoles of sodium malonate per 100 gm. subcutaneously (15). 0.5 
hour thereafter they were injected with 0.34 mmole of 6-aminolevulinic 
acid-1, 4-C'* (0.025 mc. per mmole) per 100 gm. intraperitoneally. Urine 
was collected for 8 hours, neutralized with dilute sodium hydroxide solu- 
tion, and made 5 per cent in NaHSO;. The urine was then brought to 
pH 4 with HCl and continuously extracted with diethyl ether for 48 hours. 
The ether was removed by distillation and the solid residue taken up in 
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10 ml. of water and heated on a steam bath for 2 hours, treated with 
charcoal, and filtered. The filtrate was evaporated to a volume oi 0.5 ml. 
and the succinic acid crystallized. 32 mg. of succinic acid were cotained. 
The succinic acid was recrystallized several times from hot water until 
the radioactivity of a number of successive samples remained unchanged. 
Succino-p-phenylazoanilic acid was made by the method of Henbest and 
Owen (16) and recrystallized from ethanol. The degradation of succinic 
acid was carried out by the method of Schmidt as described by Phares (17). 

A control of this experiment was made by repeating the procedure as 
described except that the 6-aminolevulinic acid-1, 4-C™ was placed directly 
into the receiver collecting the urine. The isolated succinic acid in this 
case was not radioactive, indicating that 6-aminolevulinic acid did not 
spontaneously give rise to succinic acid in the urine during collection or 
during isolation. 


DISCUSSION 


The findings reported in this communication demonstrate that the 
§-carbon atom of 6-aminolevulinic acid, which arises from the a-carbon 
atom of glycine, has a similar metabolic pattern to that known for the 
a-carbon atom of glycine. The present results also show that the series 
of reactions, initiated by the condensation of succinate and glycine, may 
be cyclic in nature and provides a pathway for glycine metabolism since 
the succinyl moiety of the 6-aminolevulinic acid is reconverted to succinate. 

It is difficult to estimate, at present, the quantitative aspects of this 
series of reactions in reference to all of the metabolic reactions of glycine 
in the whole animal. However, in duck erythrocytes (Table I) the 6- 
carbon atom of 6-aminolevulinic acid was incorporated into hemin twice 
as well as the a-carbon atom of glycine. That the ratio of incorporation 
into the ureido carbon atom of guanine in the same cell population was 
also about 2, suggests that 6-aminolevulinic acid is an intermediate in 
the utilization of the a-carbon atom of glycine in purine synthesis as well 
as for hemin. It should be emphasized that similar conclusions could 
have been drawn even if the conversions studied with 6-aminolevulinic 
acid had been lower than those found with glycine, for they merely require 
qualitative evidence that the 6-carbon atom of the aminoketonic acid has 
the same metabolic spectrum as the a-carbon atom of glycine in the whole 
animal. 

The observation in the experiment performed with the rat (Table III) 
that the carbon dioxide formed from 6-aminolevulinic acid-5-C™ was 
considerably less radioactive than that formed from glycine-2-C™ or 
y-ketoglutaraldehyde-5-C™ indicates the existence of other pathways of 
metabolism for these compounds. It appears that the condensation of 
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succinate and glycine may not be unique but represents a more general 
reaction. It seems that “‘active’’ acetate likewise acylates the a-carbon 
atom of glycine, with subsequent formation of aminoacetone, a metabolic 
analogue of 6-aminolevulinic acid.2 It has been found that the carbon 
atom in aminoacetone which arose from glycine is more efficiently oxidized 
to carbon dioxide than is the a-carbon atom of glycine, as measured by 
respiratory carbon dioxide formation.’ 


SUMMARY 


We have found that the 6-carbon atom of 6-aminolevulinic acid is con- 


verted to the ureido groups of guanine in the red blood cell and to those of } 
uric acid and that it is also converted to formate. Since the 6-carbon | 
atom of 6-aminolevulinic acid originated from the a-carbon atom of glycine | 


and since both these carbon atoms show the same metabolic pattern, it 
is suggested that this is a pathway for the synthesis of ‘‘C,’’ compounds 
from the a-carbon atom of glycine as well as the pathway for the synthesis 
of porphyrins from succinate and glycine. 

It has also been found that the succinyl moiety of 6-aminolevulinic 
acid is converted to succinate. These findings suggest that the series of 
reactions initiated by the condensation of glycine and succinate is cyclic 


in nature, the succinate being regenerated and the glycine being metab- | 


olized. 
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Immature mammalian and avian erythrocytes provide suitable in vitro 


systems for the study of the synthesis of heme and of the incorporation of 


amino acids into protein. The biosynthesis of heme has been extensively 
studied in intact human, rabbit, and avian erythrocytes (2, 3) and in non- 
intact preparations of these cells (4-6). Although evidence for the forma- 
tion of peptide bonds in vitro in the hemoglobin of duck erythrocytes was 
obtained several years ago with the use of N'®-labeled histidine (3), rela- 
tively little attention has been given to the usefulness of this system for 
the study of the formation of protein. Chicken erythrocytes and reticulo- 
cytes have been employed for investigation of the synthesis of hemoglobin 
as well as of heme (7). The incorporation in vitro of various isotopically 
labeled amino acids into the total protein of reticulocytes obtained from 
rabbits treated with phenylhydrazine has been studied (8), and more 
recently these observations have been extended to the incorporation of 
glycine into globin and its utilization for the synthesis of heme in these 
cells (9). 

The studies which are reported here were designed (1) to investigate the 
formation of globin by duck erythrocytes in vitro and to define some of the 
conditions which affect the incorporation of the methylene carbon atom of 
glycine into globin, and (2) to compare the rates of synthesis of heme and 
of the incorporation of glycine into globin and the changes in these rates 
under different experimental conditions. 

Red Blood Cells—White Pekin ducks were bled from the jugular vein and 
the blood was collected with heparin as the anticoagulant. The plasma 
and white cells were removed by centrifugation and the red cells were 
washed three times with isotonic sodium phosphate buffer, pH 7.4. 

To obtain more immature erythrocytes in some experiments, acetyl- 
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phenylhydrazine was administered to the ducks subcutaneously, 30 mg. 
per day for 5 days, and they were bled on the 6th day. 

Immature erythrocytes of rabbits were similarly obtained. Acetyl- 
phenylhydrazine, 25 mg. per day for 5 days, was injected subcutaneously 
and on the 7th day the rabbit was exsanguinated. 

Amino Acids—The amino acids were used in the proportions and total 
concentration described by Borsook and associates (8). Glycine was omit- 
ted from this mixture. 

Glycine-2-C"™ obtained from the Nuclear Instrument and Chemical Cor- 
poration was added as the radioactive substrate. The specific activity was 
625 ue. per mmole. 1.2 mg. of glycine with a total activity of 10 ue. were 
added to each sample of erythrocyte suspension with a total volume of 12 
ml. 

Glucose—Glucose was added in a concentration of 200 mg. per 100 ml. 
of incubation mixture. 

Antibiotics—The samples contained penicillin G and streptomycin sul- 
fate, 10 mg. of each per 100 ml. of incubation mixture. 

Standard Reaction Mixture—Unless otherwise specified, the reaction 
mixture consisted of 4 ml. of washed erythrocytes suspended in 8 ml. of 
isotonic sodium phosphate buffer, pH 7.4, containing the amino acid mix- 
ture, glucose, antibiotics, and labeled glycine in the concentrations given 
above. 

Standard Incubation Procedure—50 ml. Erlenmeyer flasks which con- 
tained 12 ml. of reaction mixture were incubated with shaking in a water 
bath at 37° for 4 hours. The reaction mixture was exposed to air. These 
conditions were maintained throughout all experiments, unless the time or 
temperature was varied. All experiments were carried out with duplicate 
or triplicate samples. 

Preparation of Hemin—After incubation the samples were transferred to 
a cold room (4°) and washed three times with 10 volumes of 0.9 per cent 
sodium chloride. The cells were lysed with 10 ml. of distilled water and 
the lysate was mixed thoroughly by shaking with 2 ml. of toluene, until 
a firm emulsion was formed. After centrifugation for 20 minutes at 1500 X 
g, the clear layer of “hemoglobin solution’ was removed and filtered 
through Whatman No. 1 paper. The hemoglobin solution was added 
dropwise to 10 to 12 volumes of acetone containing 1.2 per cent of concen- 
trated hydrochloric acid, as in the Anson and Mirksy procedure (10). 
The supernatant solution was saved for isolation of hemin. The precipi- 
tated ‘“‘globin’”’ was washed several times with acid-acetone, until the super- 
natant solution after centrifugation was colorless. 

The ‘‘globin” was then redissolved in water and again precipitated with 
acid-acetone. The precipitated material was dissolved in 30 ml. of distilled 
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water, precipitated with 10 ml. of 14 per cent trichloroacetic acid, washed 
twice with 30 ml. of 7 per cent trichloroacetic acid, and once with distilled 
water. The globin was dissolved in 2 ml. of 1 N sodium hydroxide and the 
precipitation and washing procedures as described above were repeated. 
The final preparation was dried by washing once with 30 ml. of an ethyl 
ether-acetone (1:1) mixture, twice with acetone, and twice with ethyl 
ether. 

For the preparation of crystalline hemoglobin, Drabkin’s procedure (11) 
was employed. The crystals were isolated by flotation on centrifugation, 
washed with phosphate buffer, and redissolved in distilled water. From 
this solution globin was isolated as described above. 

Preparation of Hemin—The solution of acid-acetone containing hemin 
was filtered to remove protein and then used for the isolation of hemin. 
However, the amount of hemoglobin in 4 ml. of erythrocytes was not suffi- 
cient for the preparation of adequate amounts of recrystallized hemin. It 
was necessary, therefore, to increase the amount of hemin by dilution with 
non-isotopic carrier. 

The quantitative estimation of hemin in acetone containing 1.2 per cent 
of concentrated hydrochloric acid was performed with the Beckman spec- 
trophotometer, model DU, in 1 cm. pathway Corex cells. The absorption 
spectrum has two peaks with equal optical density at 540 and 510 my and 
is characterized by the following ratios of optical densities (OD) at different 
wave lengths: OD 510:470 my» = 1.3, OD 510:540 my = 1.0, and OD 
540:570 mu = 2.5. The shape of the absorption curve of hemin and the 
ratios of optical densities at different wave lengths remain the same whether 
the solution of hemin in acid-acetone is obtained by dissolving crystalline 
hemin, by precipitating a solution of hemoglobin in acid-acetone, or by 
treating intact erythrocytes with acid-acetone. The molecular extinction 
coefficient (Hy), 8700, was established by dissolving three times recrys- 
tallized hemin in acid-acetone. The solutions conform with Beer’s law 
over the usual range of optical density readings of the instrument. 

Hemin for carrier purposes was extracted from washed duck or human 
red cells with 10 times the volume of acid-acetone. The amount of carrier 
hemin added per sample was about 80 mg. 

After filtration, an aliquot of the solution of carrier hemin and aliquots 
of the solutions of radioactive hemin from the experimental samples were 
diluted with acid-acetone to give approximately the same concentrations of 
hemin. These concentrations were then measured spectrophotometrically. 
Measured volumes of the hemin solutions, both experimental and carrier, 
were mixed. On addition of 1.0 to 1.2 volumes of distilled water, the hemin 
was precipitated. After precipitation, the hemin was washed with water, 
dried, dissolved in pyridine and chloroform, and recrystallized from glacial 
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acetic acid (12). Previous experience in this laboratory has shown that 
by this procedure hemin is obtained which has a constant specific activity 
upon repeated crystallization. The isotopic dilution was calculated from 
the known concentrations of hemin and the known volumes of the hemin 
solutions. The validity of this isotopic dilution method was verified ex- 
perimentally. Hemin was isolated from duck erythrocytes containing 
C'-labeled hemoglobin, both directly and after a 10-fold dilution of an 
acid-acetone extract of the cells. After recrystallization, the radioactivity 
of directly isolated hemin and that of hemin prepared with carrier and 
corrected for dilution agreed within 1 per cent. 

Measurement of Radioactivity—30 mg. of recrystallized hemin were 
plated in Teflon planchets with a center well 1 cm. in diameter. 300 mg. 
of dried globin powder were uniformly spread on a stainless steel planchet, 
2.4 cm. in diameter. The samples were counted in a micromil end window 
gas flow counter, Nuclear-Chicago model No. D-47, with an efficiency of 
20 per cent. The factors which convert these counts to total C'™ counts 
per mg. of hemin or globin were established experimentally on several 
samples. A weighed amount of dry globin powder was suspended with 
grinding in a measured amount of water. The weight and uniformity of 
the suspension were verified by micro-Kjeldahl determination of the nitro- 
gen content of several aliquots of this solution. The aliquots were pipetted 
into stainless steel disks, 2.4 cm. in diameter, evaporated to dryness, and 
the radioactivity was measured. With these data, the factor for conversion 
of the radioactivity of 300 mg. to the counts per minute per mg. at infinite 
thinness was determined. 

A weighed amount of hemin was dissolved in a minimal amount of 
pyridine in a volumetric flask, and water was added for the remaining 
volume. A fine suspension was obtained, which, upon being dried uni- 
formly, covered the stainless steel planchet. Uniformity of suspension 
was proved by plating many 1 ml. aliquots, the counts of which were 
identical. The count of 1 mg. at infinite thinness was established and 
related by a factor to the count of 30 mg. of the same sample plated on 
the Teflon planchet. 

Calculations—If we assume that the glycine molecules incorporated 
into heme and globin come from the same pool, then the specific activity 
of the glycine residues in heme and globin should measure the extent to 
which the labeled amino acid was utilized for both moieties. 8 molecules 
of glycine are utilized in the biosynthesis of 1 heme molecule (13). 1 
mmole of glycine residue is present in 650/8 mg. of heme. The specific 
activity, counts per minute per millimole, of glycine in heme, can be cal- 
culated as counts per minute per mg. of heme X 650/8. 

For globin, the data are presented either as the percentage of control 
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values or as the specific activity of glycine in globin. Since there are no 
data available on the composition of duck hemoglobin, the glycine content 
is assumed from the data presented by Huisman, Jonxis, and van der 
Schaaf for the composition of human hemoglobin (14). The number of 
glycine residues calculated per mole of hemoglobin (molecular weight 
68,000) is 41. The specific activity of the glycine in globin expressed as 
counts per minute per millimole is given by the specific activity of globin 
in counts per minute per mg. X 68,000/41. For the purpose of this 
calculation the labeling of other amino acids in globin such as serine 
through the utilization of the a-carbon of glycine is disregarded. The 
maximal error due to such labeling is probably small (8) and is further 
reduced by the presence of unlabeled serine in the added amino acid mix- 
ture. The “heme to globin ratio” represents the specific activity of the 
glycine in heme relative to the specific activity of the glycine in globin, 
i.e. counts per minute per millimole of glycine in heme relative to counts 
per minute per millimole of glycine in globin. 

Each experiment was performed in duplicate or triplicate. The data 
represent the means of replicate samples with a maximal range of varia- 
tion of +5 per cent. 


RESULTS AND DISCUSSION 


Evidence for Purity of Protein Preparations—Protein samples isolated 
by the method described above were shown to be of constant specific 
activity when the material was redissolved in 1 N sodium hydroxide and 
the purification procedures were repeated. Furthermore, protein samples 
isolated from lysed erythrocytes which had been incubated with labeled 
glycine at 37° or from intact erythrocytes which were incubated at 4° 
contained no measurable radioactivity. 

Table I presents a comparison of the radioactivity of protein prepared 
by this method with that of globin isolated from crystalline hemoglobin 
in aliquot samples. No significant differences in radioactivity were 
found. It seems reasonable, therefore, to refer to the protein isolated 
from the “hemoglobin solution” as globin. 

Incubation Medium—In preliminary experiments incubation in plasma 
resulted in a higher rate of incorporation of glycine into globin than incuba- 
tion in 0.9 per cent sodium chloride solution, isotonic sodium phosphate 
buffer, pH 7.4, or Krebs-Ringer phosphate buffer, pH 7.4. However, in 
order to eliminate unknown variable factors which might be present in 
plasma, isotonic phosphate buffer was chosen as the medium. There was 
little difference in the rate of incorporation of glycine into globin in a 
medium of isotonic phosphate buffer, Krebs-Ringer phosphate buffer, or 
0.9 per cent sodium chloride. 


hat 
rity 
om 
min 
eX- 
ing 
an 
rity 
nd 
ere 
g. 
et, 
low 
r of 
nts 
ral 
ith 
of 
ed 
nd 
ion 
ite 
of 
ng 
ni- 
on 
pre 
nd 
on 
ed 
ty 
to 
les 
fic 
il- 
ol 


428 GLOBIN AND HEME IN ERYTHROCYTES 


Tonicity of Medium—The sensitivity of the system for the incorpora- 
tion of glycine into globin to changes in the tonicity of the incubation 
medium is indicated in Table II. By lowering the tonicity to 50 per cent 
of isotonicity, the incorporation of glycine into globin is diminished by as 
much as 22 to 63 per cent. Only slight hemolysis was observed at this 
level of hypotonicity. When the tonicity was raised to 125 per cent of 


TABLE I 


Comparison of Radioactivity of Protein Isolated from Hemoglobin Solution 
and of Globin Isolated from Crystalline Hemoglobin 


Experiment No. Protein hemoglobin Globin isolated Sem ceystalline 
c.p.m. per mmole c.p.m. per mmole 
1 24,950 25,750 
2 22,300 23, 250 
TABLE II 


Influence of Tonicity of Incubation Medium on Incorporation 
of Glycine into Globin and Heme 


Radioactivity of glycine 
Experiment No. |Tonicty of medium, 
In globin phe In heme ‘oa 
ebm: per mmole C.p.m. per mmole 
1 Control 30, 300 
125 25, 600 84 
75 20, 700 68 
50 11,200 37 
2 Control 52,000 
50 27 , 300 52 
3 ’ Control 23, 400 67, 500 
50 18,400 78 65, 000 96 


The tonicity of the control samples is that of isotonic sodium phosphate buffer. 


isotonicity, there was some diminution in the incorporation of glycine into 
globin. 

The synthesis of heme, however, is not significantly reduced in a medium 
50 per cent of isotonicity (Table II). The differential effect of hypotonicity 
is consistent with the findings that heme synthesis proceeds in non-intact 
avian erythrocytes (4-6) and that the incorporation of amino acids into the 
protein of rabbit reticulocytes ceases if the cells are lysed (8). 

Influence of Amino Acids and Glucose (Table 111)—-Addition of glucose 
or of a mixture of amino acids to the cell suspension results in only slight 
enhancement of the incorporation of glycine into globin during incubation 
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periods of 4 hours. With longer periods of incubation, significantly greater 
incorporation occurs in those preparations to which glucose or amino 
acids and glucose have been added (Fig. 1). 

Time of Incubation—The rates of heme synthesis and of incorporation 
of glycine into globin are most rapid in the initial hours of incubation. 
With longer incubation both processes are decelerated, but the incorpora- 
tion of glycine into globin is more markedly slowed. The changes in the 
rates of the two processes are reflected in the progressive increase in the 
heme to globin ratios (lig. 2). 

Temperature of Incubation Medium—Both processes are sensitive to 
temperature, but the sensitivity of heme synthesis is more striking. At 


TABLE III 


Influence of Amino Acids and Glucose on Incorporation of 
Glycine into Globin of Duck Erythrocytes 


| C.p.m. per mmole 
l Phosphate buffer + amino acids 25,000 
sé + + glu- 26,700 +7 
cose 
2 Phosphate buffer + amino acids 18,800 
+ + glu- 21,800 +16 
cose 
3 0.9% NaCl + glucose 19,400 
09% “* + ‘* + amino acids 21,800 +12 


The time of incubation in all the experiments was 4 hours. 


40°, the synthesis of heme was 100 times more active than at 10°, whereas 
the incorporation of glycine into globin was increased only twenty-six 
times (Table IV). 

Effects of Iron, Cobalt, and Lead—Further evidence for the dissociation 
of heme synthesis and of the incorporation of glycine into globin is pro- 
vided in the studies on the effects of iron, cobalt, and lead on the two proc- 
esses. Previous studies have demonstrated the inhibitory effects of 
lead (15, 16) and cobalt (17) on heme synthesis in duck and chicken 
erythrocytes and in bone marrow. The inhibitory effects of these metals 
can also be demonstrated at an earlier stage of porphyrin synthesis, namely 
the conversion of 6-aminolevulinic acid to porphobilinogen.' The addition 
of iron, on the other hand, has been shown to enhance the formation of 
heme in vitro (6).? 

1 Morell, H., and London, I. M., unpublished data. 

?Shemin, D., personal communication. 
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In Table V the effects of these metals on the incorporation of glycine 
into globin as well as on the synthesis of heme are presented. The enhance- 
ment of heme synthesis by iron and the inhibition by lead and cobalt are 
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Fic. 1. The influence of amino acids and of glucose on the incorporation of glycine 
into globin in duck erythrocytes. 

Fic. 2. The effect of time of incubation on the biosynthesis of heme and on the 
incorporation of glycine into globin in duck erythrocytes. 


TABLE IV 


Influence of Temperature on Synthesis of Heme and 
Incorporation of Glycine into Globin 


Specific activity of glycine H 
Temperature Ratio, 
In globin In heme 
c.p.m. per mmole c.p.m. per mmole 

10 800 1,070 1.3 
20 3,500 9, 800 2.8 
30 14,900 48, 500 3.2 
40 20, 600 107,000 5.2 


marked. The incorporation of glycine into globin, however, is unchanged 
upon addition of cobalt or iron and is inhibited to a lesser degree than is 
heme synthesis by lead. The dissociation of the two mechanisms is 
reflected in the marked variations that are induced in the hemoglobin 
ratios. 

Since the addition of iron did not increase the incorporation of glycine 
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into globin of duck erythrocytes, whereas Kruh and Borsook had reported 
that iron increased the formation of globin in rabbit reticulocytes (9), 
experiments were performed with the blood of rabbits in which reticulo- 
cytosis had been induced with acetylphenylhydrazine. The results indicate 
that the incorporation of glycine into globin in rabbit reticulocytes is 
enhanced by iron, in confirmation of the results of Kruh and Borsook, and 
that the enhancement is similar in degree to that of heme synthesis. 

The findings in rabbit reticulocytes differed from those in normal duck 
erythrocytes, not only in terms of the effects of iron on glycine incorpora- 
tion into globin, but also in the heme to globin ratios. Heme to globin 


TABLE V 


Effects of Lead, Cobalt, and Iron on Synthesis of Heme and Incorporation 
of Glycine into Globin in Duck Erythrocytes 


Specific activity of glycine 


Metal added Ratio, ome 
In globin | | Pet conto 
c.p.m. per mmole c.p.m. per mmole 
Control......... 15, 200 50, 500 3.3 
10,800 71 11,600 23 1.3 
15,000 100 96, 000 190 6.4 
15,700 103 2,030 4 0.1 


Ferrous chloride, lead acetate, and cobaltous chloride were added in concentra- 
tions of 5 X 10-*m. 4 ml. of cells were suspended in 8 ml. of previously boiled saline 
containing metal salts. Glucose, penicillin, and streptomycin were added in the 
usual concentrations. The cells were preincubated with the metals for 2 hours 
before substrate was added. After addition of the usual amount of glycine-2-C'4, 
the incubation was continued for 4 hours. 


ratios of 1.3 and 1.4 in rabbit reticulocytes are similar to those previously 
described (9). In the normal duck erythrocytes, however, the heme to 
globin ratios are generally much higher and more variable. ‘To determine 
whether the heme to globin ratio might be closer to unity and whether iron 
might enhance glycine incorporation into globin in more immature duck 
erythrocytes, the cells of acetylphenylhydrazine-treated ducks were 
employed. The results in the more immature erythrocytes confirm the 
findings observed in the normal duck erythrocytes, namely that the 
incorporation of glycine into globin is not enhanced by iron, that the 
synthesis of heme is increased upon addition of iron, and that the heme to 
globin ratio is usually much greater than unity (Table VI). To determine 
whether incubation of duck erythrocytes in the more natural environment 
of duck plasma might result in a heme to globin ratio closer to unity, 
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experiments were performed in duck plasma, but the heme to globin ratios 
obtained were even higher than those usually found in a phosphate buffer 
medium. 

Effects of Nucleosides—Incubation with purine ribosides has been shown 
to prolong the viability of stored human and rabbit erythrocytes (18, 19), 
to enhance the resistance of fresh human erythrocytes to osmotic lysis 
(20), and to increase the concentration of phosphate esters in human and 
rabbit erythrocytes (21, 22). Since the mechanism by which the purine 
ribosides exert these effects is probably the introduction into the erythrocyte 
of phosphorylated ribose, its metabolism via the hexose monophosphate 


TABLE VI 


Synthesis of Heme and Incorporation of Glycine into Globin in Erythrocytes of Normal 
and of Acetylphenylhydrazine-Treated Ducks; Effect of Iron 
in Erythrocytes of Acetylphenylhydrazine-Treated Ducks 


Specific activity of glycine | Ratio, 
Experi | Incubation medium | Duck erythrocytes Heme 
In globin In heme Globin 
is. 
1 NaCl, 0.9% 2.5 | Normal 48,000 75,000 1.6 
(boiled) Acetylphenylhy- 
drazine-treated 
Control 182,000 406 , 000 3:2 
Fe** added 172,000 | 1,190,000 6.9 
2 Isotonic 4 Normal 14, 200 48, 500 3.4 
phosphate Acetylphenylhy- 148, 500 645, 000 4.3 
buffer drazine-treated 


Iron was added as FeCl, in a concentration of 5 K 107-4 M. 


shunt and the Embden-Meyerhof cycle and the formation of high energy 
phosphate esters, the effects of the purine ribosides on the incorporation 
of glycine into globin and on the synthesis of heme were investigated. 
The results of studies in duck erythrocytes and in immature erythrocytes 
of rabbits are presented in Table VII. In the erythrocytes of normal 
ducks and of acetylphenylhydrazine-treated ducks, the incorporation of 
glycine into globin is diminished under the influence of inosine or adenosine; 
the degree of inhibition is greater than that noted on heme synthesis. 
In immature erythrocytes of rabbits the inhibitory influence of adenosine 
on the incorporation of glycine into globin is observed. The deoxyribo- 
sides had no significant effect on either process in normal duck erythro- 
cytes. 

The incorporation of glycine into the globin of intact erythrocytes 
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represents a composite effect of at least two processes: (1) the uptake of 
the amino acid by the cell; (2) the incorporation of the amino acid into the 
globin. The first process has been studied in duck erythrocytes by Chris- 
tensen, Riggs, and Ray, who showed that normal duck erythrocytes take 
up amino acids from a plasma or saline medium against a concentration 
gradient (23). This concentrative activity is considerably less than that 
which has been observed for guinea pig brain (24), rat diaphragm (25), or 


TaBLe VII 
Effects of Purine Ribosides and Related Compounds on Heme Synthesis and on Glycine 
Incorporation into Globin in Duck Erythrocytes and in 
Immature Erythrocytes of Rabbits 


\Specific activity of glycine) Ratio, 
Erythrocytes Nucleoside added 
In globin | In heme Globin 
1 Acetylphenylhydra- Control 10,700 
zine-treated rabbits | Adenosine 10 7,800 
2 Normal ducks Control 33,100 | 65,000 | 2.0 
Adenosine — 10 15,300 | 59,000 3.8 
Inosine | 10 17,700 | 56,000 3.2 
Deoxyadeno- 10 
sine 
Deoxyguano- 2 31,600 | 59,000, 1.9 
sine 
Cytidine 10 
Thymidine 10 
3 Acetyl phenylhydra- Control 148,500 | 645,000 | 4.3 
zine-treated ducks Adenosine 10 46,000 | 296,000 | 6.4 


The concentrations of nucleosides are expressed per ml. of incubation medium. 
In Experiments 1 and 3, standard incubation conditions were observed. In Experi- 
ment 2, 12 ml. of cells were suspended in 16 ml. of medium. Incubation was at room 
temperature for 6 hours. 


rabbit reticulocytes (26). Coupled with the lesser concentrative activity 
of duck erythrocytes for amino acids is a relative insensitivity of the 
concentrative process to anoxia and to agents such as cyanide, 2 ,4-dini- 
trophenol, and other metabolic inhibitors in high concentrations. 

In the experiments in normal duck erythrocytes in which the incorpora- 
tion of glycine into globin has been markedly diminished while heme 
synthesis has been unimpaired, e.g. in hypotonic media or under the in- 
fluence of nucleosides, it seems likely that the primary effect is on the 
mechanism of incorporation of glycine into the protein rather than on 
uptake of the glycine by the duck erythrocyte. Support for this inter- 
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pretation may be derived from the finding that the synthesis of heme from 
glycine is not diminished under these conditions. This finding can be 
used to support this interpretation on the assumption that the same 
metabolic pool of glycine is utilized for the synthesis of heme and for 
incorporation of glycine into globin. Further experimental work is 
required to determine whether this assumption of a common metabolic 
pool is correct. 

The mechanism for the incorporation of glycine into globin appears 
more sensitive than the synthesis of heme to environmental changes which 
may induce structural disorganization within the erythrocyte. Since 
the two processes can be differentially affected, the study of human bone 
marrow and erythrocytes with these techniques may define more clearly 
the extent to which the synthesis of heme or of globin or of both is dis- 
turbed in some disease states. 

This in vitro system also provides a suitable tool for the study of hemo- 
globin formation and nucleic acid synthesis, of their relationships, and of 
the influences of hormones and other metabolites on these synthetic 
processes. Such studies should complement the investigation in vivo of 
these mechanisms and of the temporal relations of heme and globin forma- 
tion (27-29). 


SUMMARY 


Incubation of duck erythrocytes with glycine-2-C™ provides an in vitro 
system for the simultaneous study of the biosynthesis of heme and of the 
incorporation of glycine into globin. 

In normal duck erythrocytes in vitro, the synthesis of heme proceeds 
more rapidly than the incorporation of glycine into globin. The ratio of 
formation of heme to the incorporation of glycine into globin (heme to 
globin ratio) is variable, but is usually much higher than unity. The two 
processes are differentially affected by the time and temperature of incuba- 
tion, by other environmental factors, and by various metabolic agents. A 
hypotonic medium, lead (5 & 10-* M), and adenosine or inosine (10 uwmoles 
per ml.) principally inhibit the incorporation of glycine into globin. The 
stimulatory effect of iron (5 X 10-* m) and the inhibitory effect of co- 
balt (5 & 10~* m) are observed chiefly in the biosynthesis of heme. 
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EVIDENCE FOR THE SPATIAL CONFIGURATION OF 
HYDROXYASPARTIC ACID* 


By H. J. SALLACH 


(From the Department of Physiological Chemistry, University of 
Wisconsin Medical School, Madison, Wisconsin) — 


(Received for publication, June 24, 1957) 


The isolation and characterization of hydroxyaspartic acid as one prod- 
uct of a transamination reaction between glutamate and oxaloglycolate 
were described in an earlier report (1). The isolated hydroxyaspartic 
acid was optically active, but it was not known at that time which of the 
four isomers of hydroxyaspartic acid it represented. Since then attention 
has been directed to the determination of the spatial configuration of the 
isolated amino acid. The synthesis and separation of the two racemic 
mixtures of hydroxyaspartic acid have been described by Dakin (2). 
Upon treatment with nitrous acid, one racemate gave rise to dl-tartrate 
and the other to meso-tartrate. These two forms were designated as 
“para- and anti-hydroxyaspartic acids,” respectively. The resolution of 
the inactive antihydroxyaspartic acids into the dextro- and levorotatory 
acids was reported by Dakin in a subsequent paper (3). 

It is the purpose of this brief communication to present evidence which 
shows that the hydroxyaspartic acid produced by the transamination 
reaction described above has the same spatial configuration as meso- 
tartrate. 


EXPERIMENTAL 


Preliminary studies on the reaction mixture after treatment of the 
hydroxyaspartic acid with nitrous acid indicated that meso-tartrate was 
the product of the reaction. The colorimetric test for tartrate with 
ferrous sulfate and hydrogen peroxide (4) gave a positive reaction. On 
the other hand, the metavanadate method of Matchett et al. (5) for d-, 
l-, or dl-tartrate' gave a negative test. d-Tartrate, when added to an 
aliquot of the reaction mixture, gave a positive test, thereby ruling out 
the possible inhibition of color development by the reaction mixture 
itself. Although these results were suggestive, a more sensitive and 
specific method for determining the isomers of tartrate was required. 


* This investigation was supported in part by a research grant, No. A-922, from 
the National Institute of Arthritis and Metabolic Diseases, National Institutes of 
Health, Public Health Service, and the Wisconsin Alumni Research Foundation. 

1 All references to the isomers of tartaric acids are in terms of their rotations, 7.e. 
d-tartrate = dextrorotatory, natural isomer, etc. 
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The use of Pseudomonas strains which specifically attack only meso-, 
d-, or l-tartrates was kindly suggested by Dr. M. Shilo, Hebrew University, 
during a visit to this laboratory. The isolation by enrichment culture 
of these Pseudomonas strains has been reported recently by Shilo and 
Stanier (6). The author is greatly indebted to Dr. R. Y. Stanier, Univer- 
sity of California, for providing cultures of these strains and also for 
making available a description of the growth and assay conditions before 
its publication. 

Organisms and Conditions of Cultivation—Pseudomonas strains meso-l, 
d-15, and l-1 were employed. The basal medium was that described by 
Shilo and Stanier (6). Cultures were incubated at 30° on a mechanical 
agitator in 500 ml. Erlenmeyer flasks with side arms. Each flask con- 
tained 100 ml. of medium. Cells were harvested by centrifugation before 
the termination of the exponential phase of growth, were washed once 
with 0.02 m phosphate buffer, pH 7.2, and resuspended in the same buffer 
for use in the manometric experiments. 

Preparation of Extract—The extract from the meso-1 strain was prepared 
after sonic disintegration as described by Shilo (7). 

Chemicals—The d, l, and meso isomers of tartaric acid were purchased 
from the California Foundation for Biochemical Research. 

Reaction of Hydroxyaspartic Acid with Nitrous Acid—50 mg. of hydroxy- 
aspartic acid, isolated as described (1), were dissolved in 2 ml. of water. 
After they were cooled to 5°, 0.5 ml. of concentrated HCl was added. To 
this solution were added, over a period of 30 minutes, 31.2 mg. of NaNO, 
dissolved in 0.1 ml. of water. The reaction mixture was kept at 5° until 
the completion of the reaction as measured by the disappearance of the 
ninhydrin reaction. The solution was adjusted to pH 7.0 and diluted to a 
volume of 10 ml. It was used as such in the manometric experiments. 

For the spectrophotometric studies, the tartrate was isolated as its 
calcium salt. The nitrous acid reaction was carried out as outlined above 
with 70 mg. of hydroxyaspartic acid. Upon completion of the reaction, 
the cations were removed by passage through a Dowex 50 column (hydrogen 
form), and the eluate from the column was lyophilized. The resulting 
material was taken up in 2.5 ml. of water. Upon addition of calcium 
chloride and ammonia, a precipitate of calcium tartrate was obtained 
(yield, 50 mg.). The salt was again crystallized from water (yield, 35 mg.). 
The free acid was recovered by dissolving the calcium salt in 0.05 n HCl 
and passing the solution through a Dowex 50 column. The eluate was 
adjusted to pH 7.0 and diluted to 10 ml. before use. 

Manometric Experiments—Manometric measurements of oxygen uptake 
were carried out in the conventional Warburg apparatus at 30° with air 
as the gas phase. 10 umoles of the isomers of tartaric acid or 16 wmoles 
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of the tartrate formed from hydroxyaspartic acid by nitrous acid treatment 
(according to the hydroxyaspartic acid used) were added to the appropriate 
flasks. The amounts of Pseudomonas cells used per flask on a dry weight 
basis were 13.7, 21.7, and 21.2 mg. for the experiments with the d, l, and 
meso strains, respectively. The incubation was carried out in 0.01 M 
phosphate buffer, pH 7.2. The final volume was 3 ml. - All values of 
oxygen uptake are the averages of duplicate experiments and have been 
corrected for endogenous respiration. 

Spectrophotometric Studies—The incubation mixture contained 0.06 ml. 
of the meso-1 extract, 10 uwmoles of ethylenediaminetetraacetate (EDTA), 
and 5 umoles of the appropriate isomer of tartrate in a final volume of 
3.0 ml., 0.03 m phosphate, pH 7.2. The formation of oxalacetic acid 
was measured at 280 my in the Beckman spectrophotometer (8). All 
readings were made against a blank containing all of the above reactants 
except the tartrate. Control readings of the blank against distilled water 
showed that it did not change during the course of the reaction. 


RESULTS AND DISCUSSION 


The rates of oxygen utilization for the several isomers of tartrate with 
the d-tartrate-utilizing strain are shown in Fig. 1. Since only the d-tartrate 
was metabolized, it is apparent that the tartrate formed from hydroxy- 
aspartate is not the d isomer. The possible inhibition of respiration by 
the nitrous acid reaction mixture itself was ruled out by control experi- 
ments (not shown) in which d-tartrate was added to an aliquot of the 
nitrous acid reaction mixture. The oxygen uptake was the same as that 
shown for the d-tartrate alone. The results with the specific /-tartrate- 
utilizing strain are shown in Fig. 2. Only /-tartrate was utilized and the 
oxygen consumption for the control flask containing both /-tartrate and 
unknown tartrate was the same as that shown for the l-tartrate alone. 
Hence the tartrate formed from hydroxyaspartic acid is not the 1 isomer. 

The preliminary evidence that indicated that meso-tartrate was the 
product of the nitrous acid reaction was confirmed by the results of the 
experiments with the meso-tartrate-utilizing strain, as shown in Fig. 3. 
The oxygen utilization with both meso- and unknown tartrate demonstrates 
that the isolated hydroxyaspartic acid is converted into meso-tartrate by 
the nitrous acid procedure. The higher oxygen uptake with the tartrate 
formed from hydroxyaspartate is due undoubtedly to the fact that a higher 
concentration of tartrate was added to these flasks. (The calculations 
are based on the amount of hydroxyaspartate treated with nitrous acid.) 
The control flask, to which both meso-tartrate and unknown tartrate were 
added, had an oxygen uptake approximately twice that shown for the 
meso-tartrate alone. 
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The results of the oxidative studies were confirmed by using crude 
cell-free extracts of the meso-1 strain. Shilo has shown that with such 
extracts meso-tartrate is converted into oxalacetate (7). In the presence 
of EDTA, substantial accumulations of oxalacetate can be obtained. The 
results of such an experiment with the isomers of tartrate are shown in 
Fig.4. There was no reaction with either the d- or /-tartrate. As reported 
(7), d-tartrate strongly inhibited the reaction with meso-tartrate. A 
similar inhibition of oxalacetate formation by d-tartrate was observed 
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Fic. 1. Oxidation of the isomers of tartaric acid by the d-tartrate-utilizing strain; 
Curve A, d-tartrate, Curve B, /-tartrate, Curve C, meso-tartrate, and Curve D, 
tartrate formed from hydroxyaspartate. 

Fic. 2. Oxidation of the isomers of tartaric acid by the /-tartrate-utilizing strain; 
Curve A, d-tartrate, Curve B, /-tartrate, Curve C, meso-tartrate, and Curve D, 
tartrate formed from hydroxyaspartate. 


when the tartrate formed from the hydroxyaspartate was the substrate 
for the reaction. 

It is evident from these studies that the isolated hydroxyaspartic acid 
must have the same spatial configuration as meso-tartrate, provided that 
no Walden inversion took place during the reaction with nitrous acid. 
Comparable conversions with L-aspartate (9) and p-serine (10), which 
have 6 substituents corresponding to those present in hydroxyaspartate, 
and also with L-alanine (11) and L-glutamate (12), have demonstrated 
that the a-hydroxy acid has the same configuration as the a-amino acid 
from which it was prepared. In addition, it was found in the oxidative 
studies that of the three Pseudomonas strains only the meso-1 strain was 
capable of metabolizing the isolated hydroxyaspartate. No oxidation of 
the amino acid was observed with either the d-15 or /-1 strains. In view 
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of these facts the occurrence of a Walden inversion is highly improbable, 
and indeed would be contrary to experimental results recorded in the 
literature (cf. ((13) p. 338) and ((14) p. 214)). Since the isolated hydroxy- 
aspartic acid is dextrorotatory, [aJ? +51° +2°, ¢ 1.59 in 1 N HCl, it should 
correspond to the ‘“‘d-antihydroxyaspartic acid” described by Dakin (3). 
The specific rotation reported for the latter compound, however, was 
(al? + 12.1°, c 2 in water, with the statement that “the optical rotation of 
the dextro acid is increased about 30 per cent on addition of hydro- 
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Fig. 3. Oxidation of the isomers of tartaric acid by the meso-tartrate-utilizing 
strain; Curve A, d-tartrate, Curve B, /-tartrate, Curve C, meso-tartrate, and Curve 
D, tartrate formed from hydroxyaspartate. 

Fig. 4. Oxalacetate formation from the isomers of tartrate by an extract of meso-1 
strain. @, meso-tartrate; 4, tartrate formed from hydroxyaspartate; O, meso- 
tartrate plus d-tartrate; and A, tartrate formed from hydroxyaspartate plus d- 
tartrate. d- and l-tartrates gave no reaction (not plotted). 


chloric acid.’”’ It is probable that the value reported by Dakin repre- 
sents incomplete separation of the two racemic mixtures. 

Although the results presented here show that the isolated amino acid 
has the same spatial configuration as meso-tartrate, they do not establish 
whether the amino group has the p or L configuration. Since only L- 
amino acids have been shown to participate in transamination reactions in 
mammalian systems (15, 16), and since L-glutamate is an obligatory 
substrate for the formation of hydroxyaspartate, it seems safe to assume 
that the amino group in the isolated hydroxyaspartic acid has the L con- 
figuration. The presumptive configuration of the amino acid is, therefore, 
erythro-B-hydroxy-L-aspartic acid. 
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SUMMARY 


Evidence has been presented which shows that the hydroxyaspartic 


acid formed by a transamination reaction between glutamate and oxalo- 
glycolate has the same spatial configuration as meso-tartrate. 


The author wishes to express his gratitude to Dr. Janette Shetter for 


valuable assistance during certain phases of this study. 
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THE USE OF COUNTERCURRENT DISTRIBUTION FOR 
THE STUDY OF RADIOCHEMICAL PURITY* 


By BILLY BAGGETT anv LEWIS L. ENGEL 


(From the John Collins Warren Laboratories, Collis P. Huntington Memorial Hospital 
of Harvard University at the Massachusetts General Hospital, Boston, and the 
Department of Biological Chemistry, Harvard Medical School, 

Boston, Massachusetts) 


(Received for publication, June 25, 1957) 


In studies which involve the isolation of isotopically labeled substances 
formed in metabolic experiments by the addition and isolation of appro- 
priately chosen unlabeled carrier compounds, the demonstration of the 
identity of the isotopic conversion product and the added carrier is of 
crucial importance. Although the problem is a general one, it is parti- 
cularly troublesome in studies of steroid metabolism because of the complex 
array of closely related compounds which may be encountered as products 
in any metabolic experiment. A systematic approach to this problem of 
radiochemical purity can be developed from a consideration of the funda- 
mental equations of countercurrent distribution which relate the partition 
coefficients, the number of transfers, and the positions of the distribution 
maxima. 

In order to test this approach, two model experiments were performed. 
In the first, an unlabeled compound, estrone, was mixed with a tracer 
amount of a labeled compound,' testosterone-4-C™, and a 100 transfer 
countercurrent distribution was carried out in a solvent system which was 
known to effect an incomplete resolution of this mixture. In the second, 
a substance subsequently shown to be radiochemically pure was treated 
in a similar manner. 


EXPERIMENTAL 


Countercurrent Distributions—The countercurrent distributions were 
carried out in a 100 tube glass apparatus (H. O. Post Scientific Instrument 
Company). The tube contents were then prepared for analysis by dry- 
ing in vacuo from the frozen state and dissolving the residues in methanol. 


* This study was supported by grants from the National Cancer Institute, United 
States Public Health Service (C1393(C5), C1048(C5)), the American Cancer Society 
(H15D), and the Jane Coffin Childs Memorial Fund for Medical Research. This is 
Publication No. 910 of the Cancer Commission of Harvard University. 

' Prepared by Dr. Marcel Gut, Worcester Foundation for Experimental Biology, 
from BaC'O; received upon allocation from the United States Atomic Energy Com- 
mission. 
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Fluorometric Assays—A Farrand photofluorometer was used. The fil- 
ter system and the experimental conditions for the development of fluo- 
rescence with estrogens have been described (1). 

Analysis by Ultraviolet Absorption—The samples were dissolved in 
95 per cent ethanol and absorbance at 240 my was measured in a Beckman 
model DU spectrophotometer. 

Radioactivity Measurements—Aliquots of the contents of selected tubes 
were transferred to stainless steel cupped planchets (1 inch in diameter; 
5/16 inch deep), and the solvent was allowed to evaporate spontaneously. 
Infinitely thin samples were plated and counting was carried out in a 
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Fic. 1. Two theoretical countercurrent distribution curves. R, and Rez are the 
maxima separated by d tubes. 2, is the displacement of a point, r, from Ry, and z; 
is its displacement from Ro. 


Robinson proportional gas flow counter by use of a Nuclear model No. 
192 ultrascaler. 


Theoretical 


The mathematical treatment of the data has been developed from the 
fundamental equations derived and discussed by Craig and his associates 
(2, 3) and is similar to that employed by Piez and Eagle (4, 5). 

If one considers the case (Fig. 1) of an inert carrier measurable by 
weight, or some parameter proportional to weight, which has its distribu- 
tion peak in tube R, and a radioactive contaminant present in an amount 
so small that it does not influence the shape of the weight curve but can 
be detected only by its radioactivity, and with the peak of its distribution 
curve at tube R2 and displaced from R, by d tubes, 


d= R. — R, (1) 


y 
1 
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then Q, the ratio of the ordinates of the two distribution curves, or the 
apparent specific activity at any point r, which is 2, tubes distant from R, 
and 22 tubes distant from Re, is given by Equation 2: 


(290.2) 22° 


(2) 


Q=S8 


where S is the ratio of counts in tube R2 to weight in tube R; and, according 
to the notation of Weisiger (3) 


nk (3) 
(K + 1) 


where n is the number of transfers, A is the partition coefficient, and @ is 
the standard deviation. 
The ordinates will be related as follows: 


d = 2 — 2: (4) 


Whence 
(5) 
If it is now assumed that, since d is small, 6; and 62 are equal, then 
Q = Se(1/202) (27 - (6) 
By substituting from Equation 5 
Q = Se(1/22) (2dz 4%) (7) 


Converting to the logarithmic form, we have 
1 
InQ = InS + age (2221 — d?) (8) 


This is an equation of a straight line which has an intercept of (InS — 
d?/267) and a slope of d/é@. If the weight and radioactivity curves are 
identical, 7.e. d = 0, the slope is zero and the intercept is the logarithm 
of the geometrical mean specific activity. 

The exact form is given by Equation 9. If A, and K2 are reciprocals, 
i.e. 6; = 62, this reduces to Equation 6 to yield a straight line with slope 


Q=S8S (ay exp + (9) 


With Equation 8 as a basis, the experimental distribution data may be 
treated as a simple regression which relates the logarithm of the specific 
activity to the tube number in the distribution. The significance of the 
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regression may be tested in the usual way (6) by comparison with devia- 
tions from the regression, and the slope is tested against its standard error 
to determine whether it is significantly different from 0. If a regression 
exists, it is clear that two distribution curves are being considered. In 
the other case, in which weight and radioactivity can be expressed by the 
same experimental curve, no regression exists. The arithmetic mean 
specific activity and the standard deviation and standard error can be 
computed from the original specific activity data. 
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Fic. 2. Countercurrent distribution of a mixture of testosterone-4-C'‘ and estrone. 
The lines are the theoretical curves. A, and A,..p.m. are the partition coefficients 
calculated from the weight and radioactivity curves, respectively. 


Results 


The distribution data obtained in the model experiment are shown in 
Fig. 2. Although it is clear in this case that the fluorometric and radio- 
activity data are described by different Gaussian curves, it seemed desirable 
to carry through the full analysis. When the logarithm of the specific 
activity (counts per minute per mg.) measured tube by tube is plotted 
against the tube number, the points of Fig. 3 are obtained. Analysis of the 
data (Table 1) showed that the calculated slope was significantly different 
from zero (p < 0.001). 

In a second experiment, biologically labeled 17-hydroxyprogesterone 
was subjected to a countercurrent distribution (Fig. 4) and the specific 
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Fic. 3. Countercurrent distribution of a mixture of testosterone-4-C™ and estrone. 
Relation between log specific activity and the tube number. 


TABLE I 
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Analysis of Countercurrent Distribution of Mizture of Estrone 
and Testosterone-4-C' 


S(z) = 276 S(z?) = 4,324 
S(y) = 10,236 S(y?) = 5,664, 564 
S(z — #)? = 1,012 S(y — 7)? = 1,109,099 
z= 12 y = 445 


S(zy) = 155,384 
n = 23 


S(z — £)(y — = 32,552 


b = 32 


Y = 445 + 32(z — 12) = 61 + 322 


Analysis 
Variation assigned to ye Sums of squares Mean squares 
21 62,031 2,954 
to, = (1,047,068/2,954)§ = 19; p<« 0.001 


S = the sum; z = tube No. —17; y = 10°(log specific activity — 3) (three place 
logs used); #, 7 are arithmetic means; b = the slope; Y = a + b(z — @). 
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activity data subjected to a similar analysis (Table II; and Fig. 5). In 
this case no significant regression existed and the conclusion was drawn 
that within the limits of experimental error the specific activity was 
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Fic. 4. Countercurrent distribution of biologically labeled 17-hydroxyprogester- 


one. The line is the theoretical distribution curve for a partition coefficient (K) 
of 0.49. 
TABLE II 
Analysis of Countercurrent Distribution of Biologically Labeled 
17-H ydrozyprogesterone 
S(z) = 81 S(z?) = 969 S(zy) = 22,307 
S(y) = 2493 S(y?) = 692,569 n=9 
S(z — = 240 S(y — 7)? = 13,119 S(r — — 9) = —130 
y = 277 b= —0.541 
Analysis 
Variation assigned to Degrees of freedom Sums of squares Mean squares 
tr = (70/1864)! = 0.2; 0.8 <p <09 


z = tube No. —23. Other notations are as in Table I. 


constant over the span of +20 tubes; hence no separation of label and 
carrier had occurred. This conclusion was supported by the further 
observation that three crystallizations from two solvent systems of the 
material isolated from the distribution failed to alter the specific activity 
significantly. 
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103(logSA~3) ANALYSIS OF C.C.D. 


I7HYDROXYPROGESTERONE 
350 
e 
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250 e 
200 

| 3 17 


TUBE NO.-23 


Fic. 5. Countercurrent distribution of biologically labeled 17-hydroxyprogester- 
one. Relation between log specific activity and the tube number. 


DISCUSSION 


The method described above is a powerful and precise tool for the 
investigation of radiochemical purity. Although radiochemical purity 
can never be proved beyond all question, the repeated application of 
effective separation procedures can render unlikely the eventuality that 
the radioactivity in an isolated compound is being carried along as a 
contaminant. With the countercurrent method, the statistical probability 
of identity of the two compounds is calculated from multiple analyses 
and contains within it an evaluation of the effects of the experimental 
error in the determination of both parameters. This procedure also 
leads to a precise estimate of the specific activity and its standard error, 
the latter quantity being indispensable for quantitative comparison of 
specific activities after repeated countercurrent distributions, derivative 
formation or other separation and purification procedures. 

It is interesting to compare the countercurrent procedure with other 
methods which have been employed for the establishment of radiochemical 
purity. Ordinary crystallization, even from several solvents, has limited 
value, particularly for compounds which are prone to form complexes. 
When this procedure is employed, it is important to use conditions such 
that crystallization rather than precipitation occurs. Furthermore, the 
most complete information is obtained when the specific activities of both 
crystals and mother liquor are measured. The smaller the change in 
specific activity, the more difficult it becomes to determine whether it 
lies within the limits of experimental error. Phase rule studies (7) have 
been proposed, but have not been widely exploited, probably beeause they 
require larger amounts of material. Tarpley and Yudis employed a simi- 
lar technique for purity determination of unlabeled steroids (8). 

Perhaps the most widely used method of examining radiochemical 
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purity is paper chromatography combined with radioautography. The 
high resolving power of this technique makes it an extremely valuable 
one. However, it is not possible to exclude non-identity unless a reason- 
ably clear separation is achieved. The lower resolving power of counter- 
current distribution has been used to make unfavorable comparisons. 
However, as has been shown above, it is necessary to achieve a separation 
of the maxima of only one tube, or less, to provide precise and convincing 
evidence of radiochemical heterogeneity. The ease with which the data 
may be handled and the small displacement required in many cases com- 
pensate for the lower resolving power. 

The mathematical treatment and arguments cited for countercurrent 
distribution are applicable as well to column chromatographic procedures 
in which a point by point analysis over a Gaussian distribution curve may 
be performed. Empirically, the point by point calculation of specific 
activity may be carried out and employed for examination of radiochemical 
purity regardless of the shape of the curve, but the mathematical analysis 
of non-Gaussian curves is more complex. 

An additional procedure which may be useful in a limited number of 
cases is the addition of a tracer amount of a labeled substance to a product 
suspected of being identical with it. A countercurrent distribution and 
analysis as described above provide immediate evidence for non-identity 
and, in conjunction with other data, presumptive evidence for identity. 
The analogy with the mixed chromatogram (9) is obvious. Like the latter, 
this method yields more convincing evidence of non-identity than of 
identity. 


SUMMARY 


An application of countercurrent distribution to the determination of 
radiochemical purity has been described and its relation to other methods 
discussed. 
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Studies in this laboratory designed to elucidate the metabolism of 
t-xylulose, the characteristic urinary sugar of essential pentosuria, have 
shown that p-glucuronolactone is a precursor of the ketopentose in guinea 
pigs and in humans (1, 2) and that there are enzymes in guinea pig liver 
which can interconvert L-xylulose and xylitol as well as xylitol and p-xylu- 
lose (3, 4). The discovery that p-xylulose 5-phosphate is an intermediate 
in the pentose phosphate shunt (6-phosphogluconate oxidation pathway) 
(5, 6) suggested that glucuronate and the xyluloses might be ultimately 
metabolized via this pathway (4, 7). A kinase has indeed been found in 
calf liver which can convert p-xylulose to b-xylulose 5-phosphate (8). 
These findings suggest that the following sequence of reactions occurs 
in Mammals: p-glucuronate — L-xylulose — xylitol — p-xylulose — p-xylu- 
lose 5-phosphate. 

Since the formulation of this sequence is based upon work done on 
different species and partly on enzymatic studies performed in vitro, it 
seemed desirable to obtain evidence in vivo regarding its physiological 
occurrence. The tracer experiments reported elsewhere (2) have demon- 
strated the conversion of p-glucuronolactone to L-xylulose in a pentosuric 
human through reactions involving loss of the carboxyl carbon of the 
former compound, with the aldehydic carbon becoming the fifth carbon 
of the pentose. The present paper reports a study of the metabolic fate 
of a compound which is intermediate in the reaction sequence shown above. 
Xylitol-1-C'* was chosen because it can be conveniently prepared from 
the readily available p-xylose-1-C™. p-Ribose, known to be metabolized 
via the pentose phosphate shunt (9), and p-xylose were tested for compara- 
tive purposes. <A recent report has shown that the latter is also metabolized 
via this pathway (10). 

It was first demonstrated that xylitol is oxidized in vivo to carbon dioxide. 
A study was then undertaken to determine whether the distribution of 
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C™ in the glucose of liver glycogen formed from injected xylitol-1-C" 
would conform with the pattern expected from metabolism of the polyol 
via the pentose phosphate shunt. 


EXPERIMENTAL 


Methods—Adult Sprague-Dawley albino rats and adult albino guinea 
pigs, maintained on a Purina chow diet, were injected intraperitoneally 
with 1 ml. of water containing 2.0 to 6.7 ue. (10 to 15 mg.) of p-xylose-1- 
C"* or xylitol-1-C'. These animals were placed in a metabolic apparatus 


for trapping the expired CO: as Naz:COs, to be plated and counted as ~ 


BaC'Qs;, and for collecting urine during a 24 hour period. 

For the liver glycogen studies, another group of animals was fasted 
for 24 hours before oral administration of 1.5 to 4.0 ml. of 50 per cent 
glucose solution followed, after approximately 15 minutes, by intra- 
peritoneal injection of 1 ml. solutions of 1.06 to 6.70 ue. (5.4 to 25.0 mg.) of 
p-ribose-1-C" or xylitol-1-C“. After 2 hours, they were killed by cervical 
fracture and decapitated, and the livers were extirpated and plunged into 
hot, 30 per cent KOH. 

Glycogen was isolated by the method of Good, Kramer, and Somogyi 
(11) and precipitated twice from 60 per cent ethanol. After removal of an 
aliquot for counting, the remainder of the glycogen was hydrolyzed to 
glucose by H2SQO, essentially as described by Topper and Hastings (12), 
with carrier glucose being added. The isolated, crystalline glucose was 
degraded by a combination of methods which gave directly the C* content 
of the carbon atoms in the chain. Carbon 1 was obtained as carbon dioxide 
after conversion of glucose to potassium gluconate by the method of Moore 
and Link (13), followed by periodate oxidation according to Eisenberg (14). 
Then the residue was treated with dimedon to isolate the formaldehyde 
produced from carbon 6, the dimedon product being counted after plating. 
Carbon 2 was derived from degradation of p-glucobenzimidazole to 2-ben- 
zimidazolecarboxylic acid, followed by decarboxylation of the latter as 
described by Bernstein et al. (15). Carbon 3 was obtained as formate 
from periodate oxidation of methyl a-p-glucopyranoside as described by 
Wood, Lifson, and Lorber (16). This formate was refluxed with HgO 
for conversion to carbon dioxide. Carbons 4 and 5 were obtained to- 
gether by refluxing with HgO the formate residue from periodate oxidation 
of p-glucosazone, as in the procedure of Topper and Hastings (12). 

For substantiation of the results obtained by the above methods, the 
following procedures were also employed. Carbons 1 and 2 were deter- 
mined together by combustion of the 2-benzimidazolecarboxylic acid. 
Subtraction of the directly obtained value for carbon 2 (from decarboxyla- 
tion of the acid) gave carbon 1, and subtraction of the directly obtained 
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value for carbon 1 (from decarboxylation of the potassium gluconate) 
gave carbon 2. The mesoxaldehyde 1,2-(bis)phenylhydrazone derived 
from periodate oxidation of p-glucosazone yielded a value for carbons 1, 
2, and 3 together, from which each of the three individual carbons was 
obtained separately by subtraction of the other two carbons. By appro- 
priate summations and then subtraction from 100, several independent 
values were derived for various carbon atoms and compared with the 
“direct”? methods. Since no significant discrepancies were found, only 
the directly determined values are given in this paper. 

Combustions were carried out by the method of Thorn and Shu (17). 
BaC4%O; was the material counted except as noted for carbon 6. All 
samples were counted in a windowless gas flow counter with corrections 
being made for thickness of material. 

Materials—v-Ribose-1-C'* and p-xylose-1-C™, purchased the 
National Bureau of Standards, had specific activities of 0.40 and 0.67 uc. 
per mg., respectively. Xylitol-1-C' was obtained by a Raney nickel 
reduction of p-xylose-1-C' as described previously for unlabeled polyol 
(4, 18). The labeled polyol was purified by repeated crystallization from 
absolute ethanol until the melting point as determined on a Fisher-Johns 
melting point apparatus was sharp and higher than 91° (usually, 92-93°). 
Over-all yields were about 55 per cent of theoretical, starting with 100 
mg. of p-xylose-1-C'*. The preparations showed a single periodate-positive 
spot on ascending paper chromatograms, with n-butyl alcohol-glacial 
acetic acid-water (4:1:5, upper phase) as solvent; no naphthoresorcinol- 
positive material was present. 

The rats were purchased from Sprague-Dawley, Inc., of Madison, Wis- 
consin, and the guinea pigs from Carworth Farms, Inc., of New City, New 
York. The weight and sex of each animal are noted with the experimental 
data. 


Results 


Table I presents the values for the per cent of the administered doses 
of xylitol and p-xylose eliminated in the urine and as expired CO2. The 
time courses of expiration of C'O: in these experiments are shown in Fig. 1. 
Rapid peaking of C" activity at about 2 hours occurred with both xylitol 
and p-xylose, followed by a fairly rapid decrease and a slower return to 
background. While the plot of the specific activity of expired CO, 
against time gives information as to the rate of oxidation of the compounds, 
Fig. 2 gives a better graphic depiction of the extent of oxidation. These 
experiments demonstrated that xylitol was as efficiently oxidized to CO: 
in the intact animal as was p-xylose. Furthermore, the data in Table I 
indicate that most of the remaining C" activity in the xylose experiment 
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but not in the xylitol experiment, can be accounted for in the urine. How. 
ever, it should be pointed out that great variation in renal threshold for a 
particular compound has been observed among animals of the same species 
and strain (19). 

That a portion of the administered xylitol-1-C' was present in the 
urine was suggested by the following experiment: A 10 ml. aliquot of a 


TABLE I 
Urinary and Respiratory Elimination of C' from p-Xylose-1-C' and Xylitol-1-C™ 


Per cent administered C™ 
eliminated in 24 hrs. 


Substance administered Experimental animal 
p-Xylose-1-C' (6.7 ue., 10 mg.) Guinea pig, 9 (397 gm.) 15 75 
Xylitol-1-C™ (2.0 we., 15 mg.) “ (315 gm.) 10 25 
p-Xylose-1-C'™ (6.7 we., 10 mg.) Rat, o& (300 gm.) 11 
600; 
400} 
2 a 300; A 
200° 
100; 


3 6 © ig 21 24 


Fic. 1. Rate of conversion of xylitol-1-C' and p-xylose-1-C™ to respiratory 
C'“4O,. Conditions as in Table I and as described under ‘‘Methods.’’ ©, xylitol- 
1-C"4 in the guinea pig; A, D-xylose-1-C" in the rat; 0, p-xylose-1-C™ in the guinea 
pig. CO, expressed as counts per minute per 38.2 mg. of BaC'™Q;. 


24 hour urine specimen from a guinea pig which had received xylitol-1-C" 
was acidified to release COs, which was trapped and counted as BaC"Q;. 
The activity of the latter showed that approximately 1.5 per cent of the 
C™ activity in the urine was in the form of bicarbonate. This acidified 
urine was then deionized over columns (1 X 25 cm.) of Amberlite IR- 
120(H+) and Duolite A-4 (CO;"), concentrated by distillation under a 
vacuum, and applied to Whatman No. 1 filter paper for ascending chroma- 
tography in n-butyl alcohol-glacial acetic acid-water (4:1:5, upper phase). 
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With internal and external xylitol standards, there was found at the proper 
position radioactive material which was positive to periodate-benzidine 


- 


C'* AS EXPIRED C'*02 


CUMULATIVE % OF ADMINISTERED 


HOURS 


Fic. 2. Extent of conversion of xylitol-1-C' and p-xylose-1-C' to respiratory 
C40,.. The experimental conditions and the symbols are the same as those in Fig. 1. 


TABLE II 


Distribution of C'* in Carbons 1 and 6 of Liver Glycogen after Administration 
of p-Ribose-1-C'* and Xylitol-1-C™ 


Relative per cent 
Admin- 
Substance injected cent glu-| Experimental animal* Cin 
cose fed glycogen Glucose | Glucose 
carbon carbon 
atom if | atom 6f 
ml per cent 
p-Ribose-1-C'™ (2.01 ye., 5.4 
1.5 | Guinea pig, 9? 10.4 46.1 2.0 
(425 gm.) 
Xylitol-1-C'* (1.06 we., 9 mg.)..| 1.5 | Guinea pig, 9 14.1 37.6 1.7 
(410 gm.) 
e (3.75 we., 25 mg.).| 4.0 | Guinea pig, 9 19.5 44.3 1.7 
(460 gm.) 
(1.18 we., 10 mg.).| 1.5 | Rat, (488 gm.)} 14.4 38.9 1.4 
(3.75 we., 25 mg.).| 3.0 92 (820 15.5 37.4 1.3 


* Weights of animals before 24 hour fasting period. 
t Carbons 1 and 6 were calculated with reference to p-glucose-C" as a 100 per cent 
base. Procedures as under ‘‘Methods.’’ 


dip reagent (20) and negative to naphthoresorcinol spray reagent (21). 
Thus C''-pentitol, presumably xylitol-1-C"™, was present in the urine. 

Table II summarizes preliminary experiments on the conversion of 
xylitol-1-C' and of p-ribose-1-C"™ to liver glycogen. It is evident that 
the pentitol is an efficient glycogen precursor. Degradation of the glucose 
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chains to determine the C' content of carbons 1 and 6 gave values in agree- 


ment with those expected if the administered substances had been metabo- 
lized via the pentose phosphate pathway (see under ‘‘Discussion’’). 
Experiments were then performed to obtain values for the entire hexose 
chain of glycogen. Two changes in procedure were made. First, the same 
glucose dose was administered regardless of weight or species of animal. 
Second, potassium p-gluconate was oxidized to BaC"Q; to serve as the 100 
per cent base for expression of the relative per cent incorporation of radio- 
isotope into carbon 1. We had previously found that the gluconate may 
give higher values than isolated, recrystallized glucose used as the base. 


TABLE III 


Distribution of C'* in Liver Glycogen after Administration 
of p-Ribose-1-C'4 and Xylitol-1-C'™ 


Relative per cent C™ of 
Per cent 
sani glucose carbon atomt No. 
Substance injected Experimental! animal* 


glycogen 1 2 gs «6 


p-Ribose-1-C™ (4.30 uwe., | Rat, (356 69.5 | 2.4 | 28.5 | 2.9 1.4 
10.4 mg.) gm.) 
Xylitol-1-C™ (6.70 ywe., | Guinea pig, ? 23.8 67.1 | 0.4 | 25.6 | 2.0) 2.1 
10 mg.) (765 gm.) 
Xylitol-1-C™ (6.70 we., | Rat, o@ (474 11.8 67.1 0.6 | 25.1 | 2.2 | 3.3 
10 mg.) gm.) 


* Weights of animals before 24 hour fasting period. Each animal was given 2.0 
ml. of 50 per cent glucose per os. 

t Carbons 1, 2, and 6 were calculated with reference to C'4-potassium p-gluconate 
as a 100 per cent base; carbon 3 was based on C'*-methy] a-p-glucopyranoside as 100 
per cent; carbons 4 and 5 were based on C'!-p-glucose as 100 per cent. Procedures 
as described under ‘‘Methods.’”’ 


Moreover, gluconate was the logical reference substance, since it was the 
direct source of the CO, of carbon 1. Table III summarizes the complete 
degradation experiments on xylitol and p-ribose. The agreement between 
the two substances is excellent, and the results are wholly in harmony with 
involvement of the pentose phosphate pathway. Furthermore, examina- 
tion of the xylitol experiments in Table III, as well as those in Table II, 
shows that the rat and the guinea pig behave similarly, indicating that the 
same general pathway is operative to approximately the same extent in 
both species. 


DISCUSSION 


The experiments reported demonstrate that xylitol is an efficient pre- 
cursor of liver glycogen in the rat and in the guinea pig. The efficient 
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utilization of the polyol is also indicated by the rapid and considerable 
combustion to COs. 

Xylitol can be converted to p-xylulose not only by the mitochondrial 
enzyme previously mentioned (4) but perhaps also by the polyol dehydro- 
genase in the non-particulate fraction of liver (22, 23). Since it is likely 
that the kinase of Hickman and Ashwell (8) would convert the p-xylulose to 
p-xylulose 5-phosphate, it should be possible to predict the labeling in the 
liver glycogen. Xylitol-1-C™ chemically synthesized from p-xylose-1-C" 
should yield a labeling pattern similar to p-ribose-1-C™. It should be 
noted that xylitol, like such compounds as citric acid and glycerol, contains 
a “meso carbon atom” (24), and if the xylitol had been made from L-xylose- 
1-C", the expected C" distribution in glycogen should conform with that 
derived from a carbon 5-labeled pentose. The suggestion by Horecker 
et al. (9) that 3 molecules of p-ribose-1-C'* should be converted to 1 mole- 
cule of unlabeled triose and to 2 molecules of glucose containing two- 
thirds of the isotope in carbon 1 and one-third in carbon 3 was borne out 
by their experiments with p-ribose-1-C'* by using rat liver enzymes. 
However, Katz et al. (25) found that glucose formed from p-ribose-1-C" by 
rat liver slices was approximately equally labeled in carbon 1 and in carbon 
3. Furthermore, Hiatt (10) reported that an even greater degree of label- 
ing of carbon 3 occurred in vivo in mice. Whereas Katz suggested that 
the higher values in carbon 3 may result from a failure of tetrose phosphate 
to serve as a glycolaldehyde acceptor, Hiatt proposed that fructose 
6-phosphate, rather than p-xylulose 5-phosphate, may serve as glycolalde- 
hyde donor in the formation of sedoheptulose 7-phosphate. The availa- 
bility of hexose in the intact animal served as a basis for the latter explana- 
tion, and Hiatt presented experimental results consistent with this view. 
His findings on p-xylose and p-ribose are also consistent with the view that 
the labeling pattern will reflect the relative rate at which a test substance 
is converted to an active glycolaldehyde acceptor or donor (10). 

The labeling pattern of glycogen isolated after administration of xylitol- 
1-C™ is in essential agreement with the prediction based upon successive 
conversion of the polyol to p-xylulose and p-xylulose 5-phosphate, with 
subsequent conversion to hexose via the pentose phosphate pathway. 
The similar labeling obtained from p-ribose-1-C“ adds support to the 
xylitol experiments. The fact that ribose first becomes a glycolaldehyde 
acceptor (p-ribose 5-phosphate) and xylitol first becomes a glycolaldehyde 
donor (p-xylulose 5-phosphate) was not reflected in our results. 

There now appears to be sufficient evidence for the formulation of a new 
carbohydrate pathway in mammals by which glucose can be oxidized and 
at least one essential metabolite, L-ascorbic acid, produced. p-Glucose is 
a precursor of the p-glucuronic acid moiety of glucuronides (26-28), and 
D-glucuronolactone has been shown to be convertible to L-ascorbic acid 
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(29-31). In these transformations there is no evidence for cleavage of the 
carbon chain (32-35). It is realized by the present authors that there may 
be a difference in mechanisms of biosynthesis of the glucuronate moiety of 
conjugated glucuronides and the glucuronate precursor of L-ascorbic 
acid. Nevertheless, drugs which stimulate conversion of p-glucose to 
L-ascorbic acid similarly influence the conversion of p-glucose to p-glucuro- 
nate (36). The transformation of glucose to glucuronate might occur 
via uridine diphosphate derivatives (37) or by way of myo-inositol, which 
has recently been shown to be converted to pL-glucuronate by a rat kidney 
preparation (38). The work of three groups of investigators (30, 31, 39-42) 
indicates that L-gulonolactone (or L-gulonate)' is an intermediate in the 
conversion of p-glucuronolactone (or p-glucuronate) to L-ascorbice acid. 
Isotopic studies by the present authors (2) are consistent with L-gulonate 
being an intermediate in the conversion of p-glucuronolactone to L-xylulose 
in the pentosuric human, and Bublitz, Grollman, and Lehninger (42) have 
found that, depending upon experimental conditions, rat liver extracts 
can convert L-gulonate to either L-ascorbic acid or L-xylulose. In addition, 
Ashwell (43) has prepared an enzyme system from an aqueous extract of 
rat liver acetone powder which can convert p-glucuronate (and p-galac- 
turonate) to a reaction product which is readily converted to L-xylulose 
by mild treatment with acid. These findings, together with enzymatic 
studies on xylitol and the xyluloses (3, 4, 7, 8) and with the tracer experi- 
ments reported in the present paper, can best be summarized by Dia- 
gram I, which includes enzymatic cofactors where they are known. 

It is possible that 3-keto-L-gulonate is involved in the conversion of 
L-gulonate to L-xylulose or L-ascorbie acid (1, 42). Enolization and lac- 
tonization would yield the vitamin, while decarboxylation would lead 
to the pentose. These transformations cannot both be spontaneous reac- 
tions of enzymatically produced 3-keto-L-gulonate, since there seems to be 
a marked distinction between the metabolism of L-gulonate in the rat and 
in the guinea pig. Burns? and Evans (31) have shown that L-gulonolactone 
is rapidly oxidized to COz in both species (presumably via L-xylulose), but 
only in the rat is it converted to L-ascorbic acid. Hence, if a common 
intermediate exists between L-gulonate on one hand, and tL-ascorbic acid 
and t-xylulose on the other, the disposition of the intermediate must be, 
at least in part, enzymatically determined. A number of possibilities can 


1 It has not as yet been clearly established whether the forms in which p-glucuronic 
acid and L-gulonic acid react are the lactones or salts. Although in vivo experiments, 
such as those of Burns and Evans (31), indicate that only the lactones are metaboli- 
cally active, this does not hold for enzymatie studies (41-43). 

2 We wish to acknowledge discussions with Dr. John J. Burns in which there has 
been an exchange of current experimental results and of speculations regarding the 
interrelationship of our respective studies. 
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be postulated, but experimental evidence is required for their substantia- 
tion. It would appear that the oxidation of L-gulonate involves complex 
mechanisms, perhaps including the formation of 3-keto-L-gulonate stably 
linked to phosphate, coenzyme A, or an enzyme. 

Certain drugs, such as Chloretone and barbital, apparently increase 
the rate at which glucose enters the proposed pathway, as determined by 
isolation of unconjugated urinary pb-glucuronic acid (36), L-gulonic acid 
(44), and L-ascorbic acid (45). In fact, one drug, aminopyrine, stimulates 
t-ascorbic acid excretion in the rat (46) and L-xylulose excretion by pen- 
tosuric humans (47). Burns et al. have pointed out that the drug effects 
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on the six carbon compounds are unrelated to any known detoxication 
mechanisms (36), and a similar observation has been made concerning 
L-xylulose excretion by pentosurics (1). Lastly, it should be noted that 
hypophysectomized rats show little response to barbital and Chloretone as 
far as L-ascorbic acid production is concerned (36). 

There are no published data inconsistent with the formulation of the 
sequence of reactions shown in the diagram, and there is ample isotopic 
and enzymatic evidence in its favor. Additional physiological studies will 
be necessary to support the scheme and then to determine its value in 
species which cannot synthesize L-ascorbic acid. Furthermore, there may 
be additional side paths from the cycle. This is suggested by the recent 
finding of L-arabitol, perhaps derived from the reduction of L-xylulose, in 
the urine of a pentosuric human (48). 
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SUMMARY 


The guinea pig converts xylitol-1-C" to respiratory CO: to an appreci- 
able extent, a portion of the polyol apparently being excreted as such in 
the urine. p-Xylose-1-C"™ is oxidized to C“O, by the rat and the guinea 
pig; in the latter species, most of the administered radioactivity is excreted 
in the urine. 

Xylitol is incorporated into liver glycogen at least as efficiently as is 
p-ribose, in both rat and guinea pig. With both xylitol and p-ribose, 
carbons 1 and 3 of the derived glucose contained most of the radioactivity, 
with carbon 1 having the greater activity. No significant differences in 
the pattern of labeling were observed between the rat and the guinea pig 
in the xylitol experiments. 

The findings appear to confirm enzymatic experiments which indicate 
that xylitol is successively converted to p-xylulose, p-xylulose 5-phosphate, 
and other intermediates of the pentose phosphate shunt. Implications 
regarding a new pathway for the metabolism of glucose, involving its 
conversion to p-glucuronate, L-gulonate, and the enantiomorphic forms of 
xylulose, are discussed. 
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The formation of phenylacetylglutamine is catalyzed by human tissues, 
but apparently not by those of a large number of other mammals, including 
the dog, rat, monkey, rabbit, horse, sheep, and cat (2-7). Oral adminis- 
tration of phenylacetate and benzoate to mammals characteristically re- 
sults in the excretion of phenylacetylglycine and benzoylglycine, respec- 
tively. Man and possibly also the chimpanzee (8) are unique in that orally 
administered phenylacetate is excreted as phenylacetylglutamine. It has 
also been found that phenylacetylglutamine is a normal constituent of 
human urine (9). The phenylacetyl moiety of phenylacetylglutamine 
apparently arises from phenylalanine; thus, increased excretion of phenyl- 
acetylglutamine is observed in patients with phenylpyruvic oligophrenia 
(9-11). These observations suggest that the metabolic pathways of 
phenylalanine and glutamine in man (and perhaps the higher primates) 
are unique in this respect as compared with other mammals. 

The present investigation is concerned with an enzyme system present 
in human liver and kidney that catalyzes the synthesis of phenylacetyl- 
glutamine. The experimental evidence indicates that at least two enzy- 
matic entities are involved in phenylacetylglutamine formation. One of 
these, referred to here as the acylating enzyme, catalyzes the formation 
of phenylacetylglutamine from phenylacetyl CoA! and L-glutamine. The 
other enzyme activity catalyzes the activation of phenylacetic acid by ATP 
and CoA-SH; such activation appears to involve the intermediate forma- 
tion of phenylacetyl AMP, and the subsequent formation of phenylacetyl 
CoA from phenylacetyl AMP and CoA-SH. Related studies on the for- 
mation of benzoylglycine from benzoic acid and glycine have also been 


carried out. 


* This investigation was supported in part by research grants (Nos. A-1397 and 
H-2319) from the National Institutes of Health, United States Public Health Service, 
and from the National Science Foundation. A preliminary report of this research 
has appeared (1). 

1 The following abbreviations are used in this paper: coenzyme A, CoA or CoA- 
SH; adenosine triphosphate, ATP; adenosine 5’-phosphate, AMP; phenylacetylglu- 
tamine, PAG; acyl-adenylic acid anhydride, acyl-AMP. 
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EXPERIMENTAL 


Synthesis of Radioactive t-Glutamine—Randomly labeled C'*-L-glutamine 
was prepared from C'-L-glutamic acid by a modification (12)? of the pro- 
cedure of Levintow and Meister (13). C'4-L-Glutamate (6 mg.; 300 uc.) 
was incubated at 37° for 4 hours with ATP, magnesium chloride, ammo- 
nium chloride, mercaptoethanol, imidazole buffer, and a purified glutamine 
synthesis enzyme preparation obtained from peas (14). Unlabeled t-gluta- 
mine (54 mg.) was added and the radioactive glutamine was purified on 
columns of Amberlite XE-64 and IR-4B ion exchange resins (12). The 
yield of pure C'4-L-glutamine was 45 mg.; the specific activity was 1.15 xX 
10° ¢.p.m. per mg. (counted with a thin mica window tube). 

Synthesis of Acyl CoA and Acyl-AMP Derivatives—Phenylacetyl CoA, 
benzoyl CoA, isobutyryl CoA, isovaleryl CoA, indoleacetyl CoA, and p- 
hydroxyphenylacetyl CoA were prepared by treatment of CoA-SH with 
the corresponding acid anhydrides (i5, 16). The acid anhydrides were 
prepared by refluxing an ethereal solution of the acid chloride with an equi- 
molar quantity of the corresponding silver salt for several hours; after 
removal of silver chloride by filtration, the anhydride was obtained by 
evaporation of the ether. Phenylacetic, p-hydroxyphenylacetic, benzoic, 
and indoleacetic anhydrides were crystallized from ether-petroleum ether; 
isobutyric and isovaleric anhydrides were obtained as oils. 

The acyl CoA derivatives were prepared as follows: CoA-SH (100 
umoles), potassium bicarbonate (150 uwmoles), and 300 uwmoles of the ap- 
propriate anhydride were placed in a glass-stoppered test tube containing 
2 ml. of water. The tube was flushed with nitrogen and subsequently 
shaken vigorously at 37° for 5 hours. The mixture was adjusted to pH 2 
with dilute hydrochloric acid and extracted four to six times with 3 ml. 
portions of ether; it was demonstrated that the final ether extract did not 
contain anhydride as judged by the hydroxamic acid reaction (17). The 
residual aqueous solution contained between 60 and 80 umoles of acyl CoA 
derivative. The solution was neutralized by the addition of solid sodium 
bicarbonate. 

Phenylacetyl AMP and benzoyl AMP were prepared by the general 
procedure of Avison (18). AMP (1 mmole) was dissolved in 10 ml. of 
50 per cent aqueous pyridine. Phenylacetic (or benzoic) anhydride (6 
mmoles) was added, and the mixture was shaken at 0° for 30 minutes. The 
mixture was then extracted six times with 10 ml. of cold ether and 0.5 ml. 
of 2 m potassium bicarbonate was added to the aqueous layer followed by 
150 ml. of ice-cold acetone. The mixture was placed at —20° for 18 hours. 


2? The authors thank Dr. Leon Levintow for advice concerning the modified pro- 
cedure for the isolation of L-glutamine. 
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The product was obtained by centrifugation, and after being washed three 
times with cold acetone by centrifugation, the precipitate was dried in 
vacuo over phosphorus pentoxide. The product was obtained in 60 to 80 
per cent yield and was 90 to 95 per cent pure, based on the hydroxamic 
acid reaction. 

Other Compounds—Disodium ATP was obtained from the Sigma Chem- 
ical Company and AMP was purchased from Schwarz Laboratories, Inc. 
CoA-SH was obtained from the Sigma Chemical Company. Phenylacetyl- 
L-glutamine and the N-acy] derivatives of the other amino acids employed 
were prepared by allowing the amino acids to react with the appropriate 
acid chloride (2). 

Analytical Procedures—Phenylacetylglutamine formation was deter- 
mined as follows: The enzymatic reaction mixtures were brought to 70 
per cent with respect to ethanol by the addition of absolute ethanol, and 
the precipitated protein was removed by centrifugation. An aliquot of 
the supernatant solution was chromatographed on paper strips (Whatman 
No.3 MM). A solvent consisting of n-butanol-water-acetic acid (4:1:1) 
was employed for most of the chromatographic determinations. This 
solvent system separated PAG from pyrrolidonecarboxylic acid, a-keto- 
glutaric acid, glutamic acid, and glutamine. The R, values for PAG and 
the other compounds were, respectively, 0.83, 0.56, 0.44, 0.25, and 0.25 
(19). In ¢ert-butanol-formic acid-water (70:15:15), the respective Rr, 
values were 0.85, 0.76, 0.71, 0.45, and 0.34. Other solvents which gave a 
satisfactory separation of PAG were 77 per cent ethanol, methanol-pyri- 
dine-water (80:4:20), and n-propanol-pyridine (80:20). Glutamine and 
glutamic acid, which were not separated from each other in the n-butanol- 
water-acetic acid system, were resolved in other solvents such as tert- 
butanol-formic acid. Following chromatography, 1 cm. sections of the 
paper strips were cut out and counted with a thin mica window tube. 

Experiments in which human liver homogenates were incubated with 
C*-L-glutamine and phenylacetyl CoA led to the formation of a radioactive 
compound which was chromatographically indistinguishable from an 
authentic sample of PAG in the five paper chromatographic systems. 
Within experimental error, the amount of PAG recovered in each system 
was the same. Thus, in the five solvent systems described above, the 
conversion of glutamine to PAG by human liver homogenate system was 
5.9, 5.0, 4.8, 5.4, and 5.5 per cent, respectively. A sample of radioactive 
PAG (700 c.p.m.), obtained by elution from paper chromatograms, was 
autoclaved in a sealed tube at 18 pounds pressure for 1 hour in 6 N hydro- 
chloric acid. The solution was evaporated to dryness and the residue was 
dissolved in water and transferred to a paper chromatographic strip which 
was developed with the n-butanol-acetic acid-water solvent; virtually all 
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(676 c.p.m.) of the radioactivity was recovered in the glutamic acid area, 
Similar experiments were carried out with C'*-glutamine and phenylacetate 
and also with C'-phenylacetate and L-glutamine. In experiments in 
which C'4-phenylacetate was employed, acid hydrolysis of the C'-PAG 
formed gave a single radioactive product which exhibited chromatographic 
behavior identical with that of phenylacetic acid. 

The other acyl amino acids were located on paper chromatograms by a 
modification of the procedure of Rydon and Smith (20, 21). These were 
readily separated from glutamine, glutamic acid, a-ketoglutaric acid, and 
pyrrolidonecarboxylic acid, and exhibited Ry values which were greater 
than that of PAG in the n-butanol-water-acetic acid and the ¢tert-butanol- 
formic acid-water solvents. 

Determinations of free sulfhydryl groups were performed by the pro- 
cedure of Mahler et al. (22). 

Preparation of Human Acylating Enzyme—Samples of human liver and 
kidney obtained at autopsy were used as sources of the enzyme activity 
that catalyzes transfer of the phenylacetyl moiety of phenylacetyl CoA 
to L-glutamine (19). The tissues were obtained from patients who did 
not exhibit signs of hepatic or renal disease prior to death or at post-mortem 
examination.’ The tissues were obtained 5 to 15 hours after death and 
were homogenized with 3 volumes of cold calcium-free Krebs-Ringer phos- 
phate buffer solution (pH 7.4) (23) in a Potter-Elvehjem glass homogenizer. 
In general, the activity of such liver preparations was approximately 50 to 
60 per cent of that exhibited by similar preparations obtained from liver 
samples removed surgically.* The homogenates were centrifuged at 
144,000 * g at 2° in a Spinco model L preparative ultracentrifuge for 1 
hour. The clear supernatant solution (Stage 1, see Table I) contained 
almost all of the acylating activity and was fractionated with solid am- 
monium sulfate as follows: 20 gm. of solid ammonium sulfate were added 
per 100 ml. of supernatant solution and allowed to stand for 30 minutes 
at 4°. The resulting precipitate was removed by centrifugation and dis- 
carded, and additional ammonium sulfate (20 gm. per 100 ml.) was added 
to the supernatant solution. The precipitate, which contained most of 
the activity, was dissolved in the minimal quantity of cold distilled water 
and dialyzed overnight against running tap water at 4° (Stage 2). A 2 per 
cent solution of protamine sulfate was added dropwise to the dialyzed 
solution until no further turbidity occurred upon the addition of protamine. 
The precipitate, which was inactive, was removed by centrifugation. The 
supernatant solution was brought to pH 8 with dilute sodium hydroxide 
and centrifuged to remove a small inactive precipitate (Stage 3). The 


3’ The authors are indebted to Dr. Charles G. Child for providing the biopsy sam- 
ples, and to Dr G. J. Gherardi for assistance in obtaining the autopsy material. 
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enzyme solution was heated at 50° in a water bath for 5 minutes, cooled 
rapidly, and the heat-denatured protein was removed by centrifugation 
(Stage 4). The supernatant solution was adjusted to pH 5 with 0.2 n 
acetic acid, centrifuged to remove an inactive precipitate, and then adjusted 
to pH 8 with 0.1 m potassium hydroxide (Stage 5). Active enzyme was 
precipitated from this solution by dropwise addition of a 2 per cent solution 
of ribose nucleic acid previously adjusted to pH 5.5 with sodium hydroxide. 
The precipitate was isolated by centrifugation and was then extracted by 
vigorous stirring with 2 volumes of 0.1 m sodium phosphate buffer at pH 
7.4 for 1 hour. The extract was clarified by centrifugation (Stage 6). 


TABLE I 
Purification of Acylating Enzyme Activities 


C'™4-PAG formed per hr. per mg. of proteint 
Preparation*® 

Liver Kidney 

myumoles myumoles 


* Experimental details are given in the text. 

t Enzyme activity was determined in a system consisting of 1.26 umoles of C™-L- 
glutamine, 2.25 uwmoles of phenylacetyl CoA, 150 umoles of sodium phosphate (pH 
8.2), and 0.7 ml. of the enzyme fraction in a final volume of 1 ml.; the mixtures were 
incubated for 1 hour at 37.5°. 


Although considerable activity was lost by precipitation with nucleic acid, 
a significant purification was achieved. The enzyme was stable for 
several months when stored frozen at —15°; on the other hand, more 
than 50 per cent of the activity was lost on lyophilization. Results of 
assays on the various fractions obtained in the course of purification are 
summarized in Table I]. The enzyme activity was purified approximately 
90-fold from liver and about 50-fold from kidney; however, the kidney 
preparation exhibited a higher specific activity than did that obtained from 
liver. 

Preparation of Activating Enzyme System—Acetone powders of human 
and beef liver mitochondria were prepared as described by Mahler et al. 
(22) and Schachter and Taggart (16). The acetone powders were extracted 
for 30 minutes at 4° with 10 volumes of 0.02 m potassium phosphate at pH 
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7.5. The extract obtained from human liver mitochondria was used in 
this form. The extract prepared from beef liver mitochondria was frac- 
tionated with ammonium sulfate and dialyzed as described (16). 


Results 


Studies on Acylating Enzyme System—It was observed early in these 
studies that incubation of human liver homogenates with C'‘-L-glutamine 
and phenylacetate or C'4-L-glutamine, phenylalanine, and a-ketoglutarate 
led to the synthesis of a radioactive product which was identified as PAG. 
It was also found that PAG synthesis was increased in the homogenate 
systems by addition of CoA-SH and ATP, suggesting the participation of 
phenylacetyl CoA as an intermediate in PAG synthesis. The observation 
that synthetic phenylacetyl CoA served in place of CoA-SH, ATP, and 
phenylacetate in the PAG-forming system (19) was consistent with this 
hypothesis and made possible the purification of the acylating enzyme 
activity from human liver and kidney as described above (see Table I). 


The formation of PAG from phenylacetyl CoA and L-glutamine was © 


directly proportional to enzyme concentration over the range investigated 
(1 to 12 mg. of total protein per ml.). PAG was not formed in the absence 
of human enzyme, in experiments with boiled enzyme preparations, or 
with preparations obtained from beef or rat liver. Several other studies 
carried out with the purified human kidney acylating enzyme preparation 
are described in Fig. 1. The formation of PAG was studied over the pH 
range 5.5 to 10; very little activity was observed below pH 7.4, while the 
reaction proceeded at optimal rate at relatively alkaline values of pH. It 
was also found that the enzyme preparation catalyzed the synthesis of phe- 
nylacetylglycine at a slow rate (Fig. 1, A). The curve describing the 
time-course of the formation of PAG at pH 8.2 (Fig. 1, B) levels off after 4 
hoursof incubation, at a point corresponding to approximately 50 per cent 
conversion of the added glutamine to PAG. That the reaction did not 
go to completion may probably be ascribed to partial destruction of phe- 
nylacetyl CoA and also to inactivation of enzyme; furthermore, some con- 
version of glutamine to pyrrolidonecarboxylic acid, a-ketoglutarate, and 
glutamic acid occurred during the long incubation period. The effect of L- 
glutamine concentration on PAG formation is described in Fig. 1, C; under 
the conditions employed, maximal activity was observed with about 50 
umoles of L-glutamine. Studies in which phenylacetyl CoA concentra- 
tion was varied indicated that saturation of the system was achieved with 
somewhat lower levels of the CoA derivative (Fig. 1, D). 

The finding that the enzyme preparation also catalyzed the formation of 
phenylacetylglycine is of interest. It was observed that glycine at fairly 
high concentrations (0.138 m) decreased formation of PAG from C'*-gluta- 
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mine and phenylacetyl CoA by approximately 35 per cent and that, in the 
presence of 0.055 M glutamine, the synthesis of phenylacetylglycine was 


mum C!*-ACYL-AMINO ACID 


a 

800} a. 200; 

200 

oO 20 40 S90 0 2 4 6 
uM L-GLUTAMI uM PHENYLACETYL-CoA 


Fic. 1. Studies with the purified kidney acylating enzyme preparation. A, pH- 
dependence of the formation of phenylacetylglutamine, Curve 1, and phenylacetyl- 
glycine, Curve 2. The reaction mixtures consisted of 2.25 umoles of phenylacetyl 
CoA, 1.26 umoles of C'4-L-glutamine or 0.96 umole of C'*-glycine, 1 mg. of enzyme 
(Stage 3, Table I), and 150 umoles of buffer in a final volume of 1.0 ml.; incubated at 
37.5° for 1 hour. Sodium acetate and sodium phosphate buffers were used below 
pH 8.2 and tris(hydroxymethyl)aminomethane and sodium borate buffers were em- 
ployed at values of pH greater than 8.2. B, time-course of the formation of phenyl- 
acetylglutamine from phenylacetyl CoA and glutamine. The reaction mixtures con- 
sisted of 1.26 wmoles of C'-L-glutamine, 2.25 umoles of phenylacetyl CoA, 150 umoles 
of sodium phosphate (pH as indicated), and 1 mg. of enzyme in final volume of 1.0 
ml.; incubated at 37.5°. C, effect of glutamine concentration on phenylacetylglu- 
tamine formation. The reaction mixtures consisted of 2.25 uwmoles of phenylacetyl 
CoA, 150 umoles of sodium phosphate (pH 8.2), 1 mg. of enzyme, 1.26 umoles of C!4-L- 
glutamine, and C!*-L-glutamine to give the indicated concentrations in a final volume 
of 1.0 ml.; incubated for 1 hour at 37.5°. D, effect of phenylacetyl CoA concentra- 
tion on phenylacetylglutamine formation. The reaction mixtures consisted of 1.26 
umoles of (''4-L-glutamine, 150 umoles of sodium phosphate (pH 8.2), 1 mg. of en- 
zyme, and phenylacetyl CoA as indicated in a final volume of 1.0 ml.; incubated for 
1 hour at 37.5°. 
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decreased about 15 per cent; however, these findings do not permit definite 
conclusions. The question as to whether the synthesis of PAG and that 
of phenylacetylglycine are catalyzed by the same enzyme remains for future 
study. It is possible that the human enzyme preparations contain several 
related enzymatic activities; as described below, these preparations also 
catalyzed the formation of benzoylglycine from benzoyl CoA and glycine. 

The synthesis of PAG from phenylacetyl CoA was accompanied, within 
experimental error, by equimolar formation of free sulfhydryl groups. 
Similar studies were carried out with benzoyl CoA and glycine; here also, 
a close relationship was found between formation of the acylamino acid 
and of free sulfhydryl groups (Table II). 


TABLE II 


Release of Free Sulfhydryl Groups and Synthesis of Acylamino Acids 
from Acyl CoA Derivatives* 


Acyl CoA derivative Amino acid —SH in 7 acid 
mumoles myumoles 
Phenylacetyl CoA 42 
C'4-Glutamine 250 230 
Benzoyl CoA 23 
C'4-Glycine 162 110 


* The reaction mixtures consisted of 0.42 umole of L-glutamine-R-C™ (1.15 XK 10° 
c.p.m. per mg.) or 0.15 umole of glycine-1-C' (4.8 XK 10° ¢.p.m. per mg.), 50 wmoles 
of sodium phosphate (pH 8.2), 4 mg. of human kidney enzyme from Stage 3, Table 
I, and 0.75 umole of phenylacetyl CoA or 0.72 umole of benzoyl CoA in a final vol- 
ume of 0.6 ml.; incubated for 1 hour at 37.5°. 


Specificity of Human Acylating Enzyme System—The observation that 
the purified human kidney enzyme preparation catalyzed formation of 
phenylacetylglycine and benzoylglycine as well as PAG synthesis led us to 
test other acyl CoA derivatives and amino acids in this system. In par- 
ticular, it seemed desirable to examine acyl CoA derivatives that might 
arise in the course of metabolism of certain amino acids, such as tyrosine, 
valine, and leucine. A recent report (24) describing the presence of indole- 
acetylglutamine in human urine prompted us to test indolylacetyl CoA. 
However, as summarized in Table III, none of these acyl CoA derivatives 
was active in acylating glutamine, and only phenylacetyl CoA and ben- 
zoyl CoA were active in the acylation of glycine. Similar results were 
obtained with the purified human tissue preparations. 

Experiments were also carried out with glutamic acid, phenylalanine, 
and leucine. None of these amino acids was acylated in the presence of 
phenylacetyl CoA. A rat liver preparation catalyzed the formation of 
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TaBLeE III 
Specificity of Acylating Enzyme System with Respect to Acyl CoA Derivatives* 
C'4-Acylamino acid formed 
Acyl CoA derivative C4-.-Glutamine C4-Glycine 
Liver Kidney Kidney 
myumoles myumoles myumoles mumoles 
Phenylacetyl CoA............ 40.0 102.0 4.8 15.4 
Isobutyryl CoA.............. 0 0 0 0 
Isovalery] CoA............... 0 0 0 0 
Benzoyl CoA................. 0 0 58.0 86.0 
Indolylacetyl CoA............ 0 0 0 0 
p-Hydroxyphenylacetyl CoA. . 0 0 0 0 


* The reaction mixtures consisted of 0.42 umole of C'4-L-glutamine or 0.32 umole 
of C4-glycine, acyl CoA derivative, and human kidney or liver enzyme from Stage 
1, Table I (8 mg. of protein), in a final volume of 0.33 ml.; incubated for 1 hour at 
37.5°. The concentrations of acyl CoA derivatives were as follows: phenylacetyl 
CoA, 0.75 umole; isobutyryl CoA, 0.9 umole; isovaleryl CoA, 0.63 umole; benzoyl 
CoA, 0.72 umole; indolylacetyl CoA, 0.44 umole; and p-hydroxyphenylacetyl CoA. 
0.75 umole. 


TABLE IV 
Specificity of Acylating Enzyme System with Respect to Amino Acid* 
Source of enzyme Labeled substrate “_ — ¥ 
mymoles 
Human kidney L-Glutamine-R-C'™ 236 
Glycine-1-C'™ 34 
L-Glutamie acid-R-C' 0 
pL-Phenylalanine-3-C'* 0 
pL-Leucine-2-C!* 0 
Rat liver Glycine-1-C™ 114 
L-Glutamine-R-C'* 0 


* The reaction mixtures consisted of 2.25 wmoles of phenylacetyl CoA, 150 umoles 
of sodium phosphate (pH 8.2), radioactive amino acid, and either 1 mg. of human 
kidney enzyme or 4 mg. of rat liver enzyme from Stage 3, Table I, in final volume 
of 1 ml.; incubated for I hour at 37.5°. The concentrations of radioactive amino 
acids were as follows: glutamine (1.15 K 10° c.p.m. per mg.), 1.26 wmoles; glycine 
(4.8 X 10° e.p.m. per mg.), 0.96 umole; glutamic acid (2.5 X 10° c.p.m. per mg.), 
4.2 umoles; phenylalanine (5.0 X 10° c.p.m. per mg.), 4.5 umoles; and leucine (2.0 X 
10° e.p.m. per mg.), 3.9 umoles. 


phenylacetylglycine but did not catalyze PAG formation from glutamine 
and phenylacetyl CoA (Table IV). 
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Properties of Activating Enzyme System—Preparations of human liver 
mitochondria catalyzed the formation of PAG from glutamine, phenylace- 


TABLE V 
Activation of Phenylacetate and Benzoate* 
Enzyme preparationst 
Additions Human liver | Human kidney at 
mitochondrial | enzyme (Stage 
enzyme 3, Table I) 
mumoles 
Phenylacetate + CoA-SH + ATP + + 34.0 
™ + ATP + + 1.7 
44 + CoA-SH + + 3.3 
CoA-SH + ATP + + 0 
Phenylacetate + CoA-SH + ATP +f + 15.0 
+ sé + 0 
Phenylacetyl AMP + CoA-SH + + 25.0 
si + + 3.0 
- + CoA-SH + 22.0 
Benzoate + CoA-SH + ATP$ + + 29.0 
+ + + 98 
+ +t + 43.0 
Benzoyl AMP + CoA-SH§ + + 18.0 
+ + 95. 5 
‘6 “ § + + 1.0 
CoA-SH$§ + 2.1 
CoA-SH§ + + 0 


* The reaction mixtures consisted of MgCl, (0.77 umole), sodium phosphate, pH 
8.2 (50 umoles), glutathione (4.9 wmoles), C'*-L-glutamine (0.42 umole), and, as indi- 
cated, CoA-SH (0.13 umole), ATP (2.5 umoles), phenylacetate (5 wmoles), benzoate 
(10 nmoles), phenylacetyl AMP (0.46 umole), benzoyl AMP (0.35 umole), human liver 
mitochondrial preparation (6 mg.), and human kidney acylating enzyme prepara- 
tion from Stage 3, Table I (7.7 mg.), in a final volume of 0.7 ml.; incubated for 2 
hours at 37.5°. 

t Enzyme additions are denoted by plus signs. 

t Beef liver mitochondrial preparation, 8 mg. 

§ Glycine-1-C™ (0.32 umole) was substituted for glutamine. 


tate, ATP, and CoA-SH;; these preparations also catalyzed PAG synthesis 
from phenylacetyl CoA and glutamine. In contrast, the purified human 
acylating enzyme preparations were active in catalyzing only the latter 
reaction. As indicated by the data given in Table V, omission of ATP or 
of CoA-SH resulted in a very marked reduction in the formation of PAG 
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from phenylacetate and glutamine by the human liver mitochondrial prep- 
aration. Furthermore, addition of the acylating enzyme preparation did 
not increase PAG formation, indicating that the mitochondrial preparation 

ssed a considerable level of acylating activity. A preparation ob- 
tained from beef liver mitochondria catalyzed PAG formation from phenyl- 
acetate, CoA-SH, and ATP in the presence, but not in the absence, of 
human acylating enzyme. These results indicate that, although beef 
liver mitochondrial preparations are capable of activating phenylacetate 
(cf. Schachter and Taggart (25)), such preparations are incapable of catalyz- 
ing the transfer of the phenylacetyl group to glutamine. 

Human liver mitochondrial preparations also catalyzed the formation 
of benzoylglycine from benzoate, glycine, ATP, and CoA-SH (Table V). 
Evidence for the participation of benzoyl CoA as an intermediate in this 
reaction has been reported (16). 

The participation of phenylacetyl] AMP in PAG synthesis is described 
in Table V. It was found that phenylacetyl AMP could serve in place of 
phenylacetate and ATP in the human liver mitochondrial system. How- 
ever, phenylacety] AMP was active only in the presence of CoA-SH. 
When CoA-SH was omitted, relatively little PAG was formed, a finding 
consistent with the belief that phenylacetyl AMP reacts with CoA-SH to 
yield phenylacetyl CoA. Analogous results were obtained in the benzoyl- 
glycine-forming system. Thus, benzoyl AMP replaced benzoate and ATP 
in the formation of benzoylglycine; in these experiments also, addition of 
CoA-SH was required for synthesis of the acylamino acid. It is of interest 
that benzoyl AMP and phenylacetyl AMP were active in relatively low 
concentrations (0:35 to 0.46 umole per 0.7 ml.); in experiments carried 
out with benzoate and phenylacetate at these concentration levels (in the 
presence of CoA-SH and ATP) significant acylamino acid formation did 
not occur. 

Utilization of phenylacetyl! AMP would be expected to be associated 
with a stoichiometric disappearance of CoA-SH in the absence of glutamine. 
As reported elsewhere (26) incubation of phenylacetyl AMP and CoA-SH 
with the human liver mitochondrial preparation is associated with the dis- 
appearance of free sulfhydryl groups. These experiments were carried 
out with an experimental system similar to that employed in the studies 
described in Table V, except that glutamine and glutathione were omitted 
from the reaction mixture. Disappearance of free sulfhydryl groups was 
also observed in the course of the reaction between CoA-SH and benzoyl 
AMP. In the experiments with phenylacetyl AMP and benzoyl AMP, 
the decrease in the concentration of free sulfhydryl groups was of the same 
order of magnitude as that of acylamino acid formation observed under the 
conditions described in Table V (26). 
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DISCUSSION 


The experimental findings demonstrate that CoA-SH and ATP are re- 
quired for PAG synthesis, and strongly indicate that phenylacetyl AMP 
and phenylacetyl CoA are intermediates in this process, which may be 
represented by the following reactions: 


(1) Phenylacetate + ATP — phenylacetyl AMP + pyrophosphate 
(2) Phenylacety] AMP + CoA-SH — phenylacetyl CoA + AMP 
(3) Phenylacetyl CoA + L-glutamine — phenylacetylglutamine + CoA-SH 


According to this interpretation, activation involves a two step mechanism 
analogous to that proposed for the activation of fatty acids (27, 28). The 
formation of acyl-AMP derivatives was originally suggested by Berg for 
the acetate-activating system (29). The present results indicate that 
phenylacetyl AMP is active in the presence of CoA-SH in the PAG-form- 
ing system, and that benzoyl AMP exhibits similar behavior in the ben- 
zoylglycine-forming system. The previous demonstration (16) and present 
confirmation of the activity of benzoyl CoA in the benzoylglycine-forming 
system suggest that benzoylglycine and PAG are formed by similar mecha- 
nisms. 

Although the human liver mitochondrial system catalyzed all three of 
the reactions given above, an enzyme activity capable of catalyzing only 
Reaction 3 was isolated and purified. The question as to whether individ- 
ual enzymes are responsible for Reactions 1 and 2 remains for future study. 
It is of interest that mitochondrial preparations obtained from beef liver 
catalyzed the activation of phenylacetate. However, the reaction between 
phenylacetyl CoA and glutamine is apparently specifically catalyzed by 
human tissues. The difference in specificity between the acylating systems 
of human tissues and those of other mammals may be due to a qualitative 
difference in the respective enzymes. On the other hand, if separate 
acylating enzymes are involved in benzoylglycine, phenylacetylglycine, 
and PAG synthesis, the present results may be interpreted to mean that 
human liver and kidney possess an acylating enzyme which is not present 
in other species. 

The benzoyl moiety of benzoylglycine appears to arise predominantly 
from ingested benzoate, although there is evidence for the conversion of 
relatively small amounts of phenylalanine to benzoylglycine (9, 30, 31). 
On the other hand, it appears probable that the phenylacetyl moiety of 
PAG is derived from phenylalanine. The abnormally high excretion of 
PAG by patients with phenylpyruvic oligophrenia is compatible with this 
interpretation. Furthermore, we have observed formation of PAG in 
experiments with human liver homogenates in which phenylalanine, a- 
ketoglutarate, ATP, CoA-SH, were incubated with glutamine. It appears 
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probable, therefore, that PAG represents a product of the metabolism of 
phenylalanine and that phenylacetic acid arises by oxidative decarboxylation 
of phenylpyruvate formed from phenyalanine by transamination. De- 
carboxylation of phenylpyruvate might take place by reactions analogous to 
those previously considered for pyruvate (32) and a-ketoglutarate (33). 


The authors wish to acknowledge the assistance of Miss Rita Indresano. 


SUMMARY 


1. The tnzymatie synthesis of phenylacetylglutamine, which appears to 
be catalyzed only by human tissues (and perhaps those of higher primates), 
has been studied with use of preparations of human liver and kidney. 
Homogenates of human liver and kidney and preparations of human liver 
mitochondria catalyzed the synthesis of phenylacetylglutamine from L-glu- 
tamine and phenylacetate; adenosine triphosphate (ATP) and coenzyme 
A (CoA-SH) are requird for synthesis. 

2. Homogenates of human liver and kidney, human liver mitochondrial 
preparations, and the supernatant fractions of human liver and kidney 
homogenates obtained by high speed centrifugation catalyzed the forma- 
tion of phenylacetylglutamine from phenylacetyl CoA and glutamine. 
Similar preparations from rat and beef liver were not active. The enzyme 
that catalyzes this reaction has been purified from human liver and kidney. 
This enzyme preparation also catalyzed benzoylglycine formation from 
benzoyl CoA and glycine, and, at a relatively low rate, the synthesis of 
phenylacetylglycine from phenylacetyl CoA and glycine. Indolylacetyl 
CoA, isobutyryl CoA, isovaleryl CoA, and p-hydroxyphenylacetyl CoA 
were inactive in the acylation of glycine and glutamine. Benzoyl CoA 
was not active in the acylation of glutamine, nor was phenylacetyl CoA 
active in acylating glutamic acid, phenylalanine, or leucine. The forma- 
tion of phenylacetylglutamine from phenylacetyl CoA and glutamine 
(and of benzoylglycine from benzoyl CoA and glycine) was accompanied 
by stoichiometric liberation of free sulfhydryl groups. 

3. It was found that phenylacetyl adenosine 5’-phosphate (AMP) could 
replace phenylacetate and ATP in the synthesis of phenylacetylglutamine 
by human liver mitochondria preparations provided that CoA-SH was 
present. Similarly, benzoyl AMP served in place of benzoate and ATP 
in the formation of benzoylglycine (hippuric acid). 

4. The experimental evidence suggests that phenylacetylglutamine syn- 
thesis involves the activation of phenylacetate by ATP yielding phenylace- 
tyl AMP, which reacts with CoA-SH to form phenylacetyl CoA. Although 
activation of phenylacetate is catalyzed also by beef mitochondrial prep- 
arations, acylation of glutamine by phenylacetyl CoA is catalyzed only by 
preparations of human liver or kidney. 
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TERMINAL AMINO ACIDS OF RHODOPSIN 


By GENIA ALBRECHT* 
(From the Biological Laboratories, Harvard University, Cambridge, Massachusetts) 


(Received for publication, April 23, 1957) 


Rhodopsin, the photosensitive pigment of rod vision, is a chromoprotein 
composed in equimolar parts of the protein opsin and the carotenoid 
retinene (1). Its absorption spectrum and molar extinction are known 
(2) and the kinetics of bleaching by light and of regeneration have been 
investigated (3). An upper limit of 40,000 has been set for its molecular 
weight (cattle) (1). Since rhodopsin is insoluble in water (4), but soluble 
in aqueous digitonin, it has been necessary to infer its properties from 
studies on aqueous solutions in which the solute is a high molecular weight 
protein-digitonin complex (1). 

The present communication reports C-terminal and N-terminal analyses 
carried out on rhodopsin. For these to be significant, it is necessary that 
the protein be free from all interfering impurities. This was well demon- 
strated in the present investigation. Initially an N-terminal group was 
found, but after careful treatment of rhodopsin with mixed bed ion exchange 
resins, which alters none of its optical, photosensitive, or regenerative 
properties, C-terminal and N-terminal groups were found to be absent. 


EXPERIMENTAL 
Materials 

Rhodopsin was prepared from cattle retinas essentially by procedures 
previously developed in this laboratory (5, 6). 

Carboxypeptidase, three times crystallized, was obtained from the 
Worthington Biochemical Corporation, Freehold, New Jersey, and was 
crystallized once more in this laboratory by the method of Neurath and 
Schwert (7). This preparation showed 85 per cent activity toward carbo- 
benzoxyglycyl-L-phenylalanine. An enzyme solution was prepared by 
washing the crystals four times with distilled water to remove residual 
amino acids and dissolving them in 1.5 m NaCl at 0°. 


Methods 


Purity of Rhodopsin—The optical properties of rhodopsin provide a 
useful index of purity. The absorption spectrum of the cattle pigment 


* This research was supported in part by funds granted to Professor George Wald 
from the Rockefeller Foundation and the Office of Naval Research. 
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in aqueous digitonin solution has maxima at about 498 and 350 my, asso- 


ciated with the carotenoid chromophore, and a sharp peak at 278 my, | 
associated with the protein opsin (8). A minimum occurs at about 400 [ 
my. Since most impurities tend to raise the absorption at short wave | 


lengths, the lower the ratios of the optical densities at 278 and 400 my, 
to the density at 500 my (278:500 and 400: 500 ratios), the purer in general 
is the preparation. In the best preparations, these indices have the fol- 
lowing values: 400:500 ratio, 0.22 to 0.26; 278:500 ratio, 2.0. 


The concentration of cattle rhodopsin is determined from its optical | 
density,-its molar extinction coefficient at 500 my being 40,600 (2). The | 


concentration of carboxypeptidase was obtained from the absorption at 
278 mu by assuming a molar extinction coefficient of 8.6 * 10‘ (9). 

Bleaching and Regeneration—Rhodopsin was bleached in orange (non- 
isomerizing) light. To regenerate, neo-b retinene in digitonin solution 
was added in excess, and the mixture was incubated in the dark at 25°, 
pH 6.5, until all changes were complete (3). 

The presence of small molecular weight peptides and amino acids in rhodop- 
sin was detected by permitting aliquots of rhodopsin solution to react 
with Dowex 50 ion exchange resin in the hydrogen form, 20 to 50 mesh, 
4 per cent cross-linkage, for about 1 hour (10). The amino acids and pep- 
tides were eluted from the resin with 5 N NH,OH and subjected to descend- 
ing one-dimensional chromatography on Whatman No. 1 filter paper at 
25°, with butanol-acetic acid-water (4:1:5) (11). The color was developed 
by using a spray consisting of 0.1 per cent ninhydrin in water-saturated 
butanol. 

Purification of Rhodopsin—Small molecular weight peptides and amino 
acids were removed from rhodopsin solutions by chromatography on 
columns of mixed bed ion exchange resins. The ammonia-acetate cycle, 
hydrogen-hydroxyl cycle mixed bed column was prepared and operated 
essentially according to the method outlined by Dintzis (12). 1 per cent 
digitonin, previously purified by being passed through a mixed bed ion 
exchange column, was used as the eluent. The column and eluent were 
equilibrated at 4° overnight und run at 4° in the dark or red light. 

N-Terminal groups were determined by the methods of Sanger (13) and 
Levy and Li (14). The DNP' derivatives of several of the amino acids 
were prepared according to published methods (15) and served for com- 
parison of Ry values. The chromatographic procedure of Blackburn 
(16) was used for separation and identification of the DNP amino acids. 
The paper chromatograms were developed on Whatman No. 4 filter paper 
at 25° in the dark. The R, values obtained in this system were not con- 


1 The following abbreviations are used in this paper: DFP, diisopropylfluorophos- 
phate; FDNB, 1,2,4-fluorodinitrobenzene; DNP, 2,4-dinitrophenyl. 
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stant, and control spots of DNP amino acids were always run simul- 
taneously. DNP-serine and DNP-glycine were separated and identified 
according to the method of Levy (17). 

C-Terminal groups were determined with carboxypeptidase essentially 
according to the method of Gladner and Neurath (18). DFP? in 10-5 
mmole per ml. of solution was added to inhibit any residual proteolytic 
activity in the carboxypeptidase preparation, carboxypeptidase being 
entirely inert toward this reagent. 

Carboxypeptidase activity was determined by the method of Elkins- 
Kaufman and Neurath, with carbobenzoxyglycyl-t-phenylalanine as 
substrate (7). 


Results 


Peptide Contaminants—Rhodopsin, isolated in the usual manner and 
exhaustively dialyzed against distilled water, upon examination for N- 
terminal amino acids revealed the presence of DNP-glycine in almost 
equimolar concentration. When such rhodopsin was further treated 
with Dowex 50 resin, hydrogen form, the eluate from the resin contained 
strong ninhydrin-positive material. This was later identified as peptide 
or peptides containing DNP-glycine as the N-terminal residue (see below). 
Evidently rhodopsin prepared in the usual manner is not pure, and the 
equimolar N-terminal glycine which it contains is associated with a peptide 
contaminant. 

One consequence of the treatment with Dowex 50 resin is a change in 
pH of the solution from neutrality to pH 2 or 3. This acidity denatures 
and bleaches rhodopsin (19). A method was therefore sought which 
would remove the adhering peptides without destroying the pigment (20). 

Mixed bed ion exchange resins proved well suited for this purpose. 
These provide an environment of minimal pH change, and remove salts, 
amino acids, small molecular weight peptides, and fatty acids without 
bleaching rhodopsin or altering its regenerability. The results of an 
experiment with this procedure are shown in TableI. 14.1 mg. of rhodop- 
sin were added to a mixed bed column, and samples were collected at 
4° in red light by using 1 per cent digitonin as eluent. The 400:500 ratio 
of the rhodopsin initially was 0.245, the 278:500 ratio 2.31, and the maxi- 
mal regeneration, 55 per cent. Table I shows that these values are not 
changed significantly by this method of purification. 

When samples of such purified rhodopsin were permitted to react with 
Dowex 50 resin, hydrogen form, 4 per cent cross-linkage, 20 to 50 mesh, 
for several hours and the NH,OH effluents subjected to chromatography 
in butanol-acetic acid-water (4:1:5), no ninhydrin-positive material was 


? Kindly supplied by Dr. Norman Krinsky. 
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detected. The source of this material in the original preparation had 
been removed efficiently by the mixed bed resin. 

N-Terminal Analysis of Purified Rhodopsin—In the hope that N-terminal 
analyses could be carried out without destroying rhodopsin, the mildest 
possible conditions were employed for the reaction with FDNB. Even 
at 0°, however, and in the absence of ethanol, a typically insoluble, yellow 
powder was obtained. The rhodopsin clearly had been bleached by the 
procedure. 

In a typical experiment a solution of rhodopsin containing 1.25 «K 107 
mole in 2.5 ml. of 1 per cent digitonin and 0.1 m KCl at pH 8.0 was allowed 


TABLE I 
Purification of Rhodopsin on Column of Mized Bed Ion Exchange Resins 
Sample No. Total effluent Ratio, on Ratio, aa Regeneration Rhodopsin* 
ml. per cent mg. 
Original 0.245 2.31 55 14.1 
prepara- 
tion 
1-3 8.5 
4 9.9 0.204 2.38 0.38 
5 11.3 0.246 2.41 54 2.46 
6 12.5 0.262 2.28 53 3.68 
7 13.6 0.253 2.26 53 3.00 
8 15.0 0.261 2.25 2.12 
16.6 0.252 2.28 0.87 
10 19.3 | 


* Weight of rhodopsin calculated on the basis of a molar extinction of 40,600 (2) 
and a molecular weight of 40,000 (1). The total recovery from the column was 89 
per cent. 


to react at 25° with about 0.1 ml. of FDNB, with vigorous stirring in order 
to keep the solution saturated with the reagent. The pH was maintained 
at 8.0 by small additions of standard alkali and the reaction mixture 
mechanically shaken for 12 hours with white light excluded (14). The 
DNP rhodopsin, which precipitated as a yellow powder, was centrifuged 
and washed with water, ethanol, and ether, and was dried in air. From 
analogous treatment in digitonin controls it appeared that the water and 
ethanol washings had removed virtually all the digitonin, leaving the 
yellow DNP rhodopsin. This is insoluble in water and is not rendered 
soluble by digitonin, though it can be brought into solution in trichloro- 
acetic acid. 

The DNP protein thus obtained was divided into two portions (about 
1.25 X 10-7 mole) which were hydrolyzed for 4 and 8 hours in 5.7 n HCl 
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at 110° in sealed tubes. The ether-extractable constituents of the 4 and 
8 hour hydrolysates contained dinitrophenol and dinitroaniline,? but 
no DNP-amino acid. The acid-soluble fraction of the 8 hour hydrolysate 
of the DNP protein contained only e~-DNP-lysine even when the fraction 
was hydrolyzed 20 hours longer. Neither DNP-proline nor DNP-hy- 
droxyproline could be detected in the ether extract of the product of 
hydrolyzing the DNP protein in 12 n HCl for 24 hours. Equally negative 
results were obtained in experiments in which the purified rhodopsin was 
bleached before reacting with FDNB. 

Because it omits ethanol from the reaction mixture, the conjugation of 
rhodopsin with FDNB, according to Levy (14), is milder than the pro- 
cedure of Sanger (13). Ethanol in small concentrations at room tempera- 
ture bleaches rhodopsin and denatures opsin.‘ However, Sanger’s method 
yielded the same results. It is concluded that, when properly purified, 
rhodopsin does not contain an available N-terminal amino acid. 

C-Terminal Analysis of Purified Rhodopsin—It is possible to carry out 
C-terminal analyses under conditions which do not destroy rhodopsin. 
Purified rhodopsin, bleached and unbleached, was incubated with carboxy- 
peptidase for various lengths of time, and the reaction mixtures were 
analyzed for liberated amino acids. To check whether the C-terminal 
portion of the rhodopsin molecule is involved in the formation of the 
chromophore, the 400:500 ratio was followed during the course of the 
incubation. Since, to keep the rhodopsin in solution, the reaction must 
be carried out in 1 per cent digitonin, the behavior of carboxypeptidase in 
this solvent must be investigated. 

In a typical experiment, rhodopsin was first passed through the mixed 
bed ion exchange column. 1.9 X 10-7 mole of rhodopsin (corresponding 
to about 8 mg. of protein) and carboxypeptidase were incubated for 3 
hours at pH 7.8 at 25° at an initial substrate-enzyme ratio of 24:1. After 
30 minutes incubation, an additional amount of carboxypeptidase was 
added to a final substrate-enzyme ratio of 12:1. A portion of the reaction 
mixture was bleached after 90 minutes incubation. Samples were removed 
at 1, 5, 10, 60, 120, and 180 minute intervals and analyzed for the 400: 500 
ratio, carboxypeptidase activity, and for liberated amino acids (18). 

One-dimensional paper chromatography did not detect any traces of 
amino acids liberated from unbleached or bleached rhodopsin by the 
action of carboxypeptidase. No liberated amino acids were observed 
also in experiments in which the bleached and unbleached protein were 
incubated for 9 hours at a substrate-enzyme ratio of 10:1. 

Carboxypeptidase retains its full activity in the presence of rhodopsin 


’ Dinitrophenol was bleached by exposure of the paper to HCl] vapor. Dinitro- 
aniline runs with the solvent front and was thus identified. 
‘George Wald, unpublished observations. 
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and digitonin throughout a 3 hour incubation period. During such an 
incubation, the 400:500 ratio of the rhodopsin increased from an initial 
value of 0.245 to 0.293, indicating that some bleaching had occurred. 
Such changes were observed in several experiments. Rhodopsin controls 
showed no change in 400:500 ratio during this period. It should be 
pointed out that DFP, present in high concentrations during these incuba- 
tions, may have contributed to the bleaching. 

Identification of Peptides Adhering to Rhodopsin—aA rhodopsin solution, 
containing about 3 mg. of protein, was dialyzed in the cold against distilled 
water, previously adjusted to pH 7 with 1 m NaOH. It was then treated 
with Dowex 50 ion exchange resin, in the hydrogen form. The resin was 
eluted with NH,OH and the eluent chromatographed on paper. Two 
distinct ninhydrin-positive spots were observed, similar in R, to lysine 
and glycine, of which the glycine-like spot was the more intense. Very 
faint spots similar in R, to cysteine and alanine were also apparent. 

Elution of the glycine-like spot, followed by hydrolysis in a sealed tube 
in 5.7 N HCl at 110° for 24 hours, indicated the presence of lysine, serine, 
glycine, alanine, and glutamic acid in equimolar amounts and traces of 
proline, valine, phenylalanine, and leucine (Fig. 1). Elution and hydrolysis 
of the spot corresponding in R, to lysine gave the identical pattern, except 
that the traces of proline, valine, phenylalanine, and leucine were absent. 

To identify the N-terminal amino acids of these two peptides, the lysine- 
like and glycine-like spots (associated originally with 6 mg. of rhodopsin) 
were eluted and allowed to react with FDNB according to the method of 
Sanger and Thompson (21). The DNP peptides thus obtained were 
each divided into two portions and hydrolyzed for 4 and 8 hours, respec- 
tively, in 5.7 Nn HCl at 110° in sealed tubes. The yellow hydrolysates 
were diluted with twice their volume of water and the DNP amino acids 
extracted with ether. Both ether extract and aqueous solution were 
evaporated to dryness in vacuo. 

The ether-extractable constituents of the 4 and 8 hour hydrolysates of 
both the lysine-like and glycine-like peptides contained DNP-glycine, 
dinitrophenol, and dinitroaniline. Very faint traces of DNP-valine, 
DNP-phenylalanine, and DNP-leucine were also present. No DNP 
amino acids were found in the aqueous layer. 

From these results it can be concluded that the ninhydrin-positive 
spots corresponding in R, to lysine and glycine are peptides, similar in 
amino acid content, and both having glycine as the N-terminal amino 
acid. This is evidently the source of the N-terminal glycine found in our 
rhodopsin preparations before treatment with ion exchange resins. 

It has already been mentioned that such glycine was found in amounts 
roughly equal in molarity to rhodopsin, implying that the glycine-terminal 
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peptides are associated with rhodopsin roughly mole for mole. This 
point is sufficiently interesting to merit a review of the procedures involved. 


The results are summarized in Table II. 
Samples of DNP rhodopsin, which had not been treated with ion ex- 


Peptide Known 
hydrol. mixture 


Lys 


Ser-Gly 
Glu 


Ala 


Val 


$-Ala 
Leu 


Fic. 1. Paper chromatogram of hydrolysate of peptide removed from cattle 
rhodopsin by treatment with ion exchange resins (left); compared with a known 
mixture of amino acids (right). This is the peptide that before hydrolysis displayed 
an Rp like glycine. Descending chromatogram on Whatman No. | filter paper, at 
25°. Solvent butanol-acetic acid-water (4:1:5). 


change resins, were hydrolyzed in sealed tubes for 4, 8, and 24 hours, in 
5.7 or 12 N HCl at 110°. The ether-extractable constituents of the 8 hour 
hydrolysate contained only DNP-glycine, dinitrophenol, and dinitro- 
aniline.*| DNP-glycine was separated and distinguished from DN P-serine 
by chromatography of the ether extract in 1.5 m phosphate (17). The 
acid-soluble fraction of the hydrolysate of the DNP protein contained 
only ¢-DNP-lysine. Neither DNP-proline nor DNP-hydroxyproline 
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could be detected in the ether extract of a 24 hour hydrolysate of the DNP 
protein in 12 N HCl. The 4 hour hydrolysate in 5.7 x HCl gave a promi- 
nent spot for DNP-glycine. Examination of a hydrolysate of the DNP 
protein oxidized with performic acid indicated the complete absence of 
DNP-cysteic acid (22). 

DNP-glycine was therefore the only N-terminal amino acid found in 
preparations not treated with resins. Its quantity was determined as 
follows. The quantity of rhodopsin prior to hydrolysis was determined 
by measuring its extinction, before conjugation with FDNB. The FDNB 
reaction and washings were carried out in one test tube, and all precautions 


TABLE II 


N-Terminal Glycine Associated with Rhodopsin before 
Treatment with Ion Exchange Resins 


| FDNB | Hydrolysis in 5.7 HCI 
Rhodopsin | 0.280 | 1.93 8 40 | 0.529 
| 


* Sanger’s method was used in all the preparations except when otherwise stated. 

t The values presented are those of denatured and hence bleached pigment, not 
native rhodopsin. 

t Twice carried through FDNB conjugation. 

§ FDNB reaction according to Levy and Li (14). 


were taken to prevent loss of material. The DNP rhodopsin was hydrol- 
yzed in the same test tube and extracted with ether. The ease with 
which DNP-glycine is destroyed on acid hydrolysis made it necessary to 
carry out the quantitative determination after different periods of hydrol- 
ysis. Controls containing DNP-glycine alone and together with denatured 
rhodopsin were similarly treated. The ether-extractable materials were 
chromatographed, eluted from the paper with 1 per cent NaHCQs, and 
made up to volume. The concentration was determined by measuring 
the optical density at 350 my; the molar extinction coefficient of DNP- 
glycine at this wave length was found to be 1.69 K 10‘. Table II (last 
column) shows that the glycine N-terminal peptides are associated with 
rhodopsin in a roughly equimolar amount. 
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DISCUSSION 


Once rhodopsin has been carefully freed from small molecular weight 
impurities, N-terminal analyses performed according to the method of 
Sanger and C-terminal analyses with carboxypeptidase indicate a complete 
absence of either type of group. | 

It is unfortunate that rhodopsin is insoluble in water in the absence 
of agents solubilizing. This has prevented the application of experi- 
mental procedures ordinarily used to test protein homogeneity. Up 
to the present, the optical properties of rhodopsin have been its most 
reliable index of purity. The 278:500 ratio provides an acceptable index 
of relative purity of different samples if one is concerned only with im- 
purities such as proteins or peptides containing aromatic amino acids. 
However, this index cannot be taken as a measure of absolute purity, since 
the correct ratio for ‘‘pure”’ rhodopsin is not known, and the ratio is insensi- 
tive to non-absorbing impurities, including non-aromatic amino acids and 
their peptides. Indeed the peptide impurities which were removed in 
the mixed bed resin contained no aromatic amino acids, and hence could 
not affect this ratio. With regard to protein impurities present in rho- 
dopsin solutions, it seems unlikely that such impurities, if present, would 
be unreactive toward carboxypeptidase and would show no N-terminal 
groups with FDNB; that is, the absence of terminal groups after purifica- 
tion is itself good evidence that probably no foreign proteins are present. 

The use of carboxypeptidase for C-terminal analysis has been carefully 
considered by Gladner and Neurath (18). Recent work by Niu and 
Fraenkel-Conrat (23) has emphasized the importance of the use of chemical 
methods for C-terminal analysis rather than reliance solely upon the use 
of carboxypeptidase. Such chemical methods would have to be employed 
to establish more rigorously the absence of C-terminal groups in rhodopsin. 
However, all of them involve conditions which would destroy the pigment. 
For the present, it is possible only to conclude that rhodopsin, bleached 
or unbleached, contains no C-terminal amino acids available to carboxy- 
peptidase. 

The slight increase of the 400:500 ratio during the incubation of rho- 
dopsin with carboxypeptidase is probably caused by traces of the pro- 
teolytic enzymes, trypsin and chymotrypsin, present in carboxypeptidase 
preparations and not completely inhibited by DFP. It has been observed 
in this laboratory that trypsin and chymotrypsin bleach rhodopsin with 
consequent increase of the 400:500 ratio.® 

The N-terminal analysis, since it employs the small molecular reagent 


George Wald and C. M. Radding, unpublished observations. 
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FDNB rather than an enzyme, yields a more reliable result. Even here, 
however, the possible presence of interfering components such as lipides 
or sugars does not permit a final judgment. Negative results found with 
the DNP method have been interpreted to mean lack of N-terminal 
residues in several other proteins such as ovalbumin (24, 25), tropomyosin, 
and myosin (26). 

We have referred to the glycine N-terminal peptides which accompany 
rhodopsin before treatment with ion exchange resins as ‘“‘contaminants.” 
That they may have some more particular significance is suggested by the 
observations (1) that they are associated with rhodopsin so intimately as 
not to be removed by drastic preextraction of retinal tissue with aqueous 
solvents or by exhaustive dialysis of rhodopsin solutions, and (2) that they 
are present in a quantity roughly equimolar with rhodopsin (Table IT). 

The analysis of N-terminal and C-terminal residues of rhodopsin was 
originally undertaken in the hope that the findings, if positive, would 
serve as a logical starting point for sequence investigation and would 
perhaps yield some insight into the nature of the linkage between retinene 
and opsin. For these, one must evidently turn to other methods. 


It is a pleasure to express gratitude to Professor George Wald for many 
valuable and constructive criticisms during the preparation of the manu- 
script. 


SUMMARY 


Cattle rhodopsin, prepared by standard methods and allowed to react 
with 1,2,4-fluorodinitrobenzene, was found to contain dinitrophenyl- 
glycine, in approximately equimolar concentration, as the N-terminal 
amino acid. However, this proved to be the terminal group of small 
molecular peptide (or peptides), strongly adsorbed to rhodopsin, but 
removed from the protein by treatment with mixed bed ion exchange 
resins. This treatment did not alter the optical properties of rhodopsin, 
its photosensitivity or regeneration after bleaching. After such treatment, 
cattle rhodopsin was found to contain no N-terminal or C-terminal amino 
acids available to 1,2,4-fluorodinitrobenzene or carboxypeptidase. 
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THE REACTION OF O-METHYLISOUREA WITH BOVINE 
PANCREATIC RIBONUCLEASE* 


Br WERNER A. KLEEf ann FREDERIC M. RICHARDS 
(From the Department of Biochemistry, Yale University, New Haven, Connecticut) 


(Received for publication, May 14, 1957) 


The most thorough study yet made of the reaction of a protein with 
0-methylisourea has been described by Chervenka and Wilcox (1), who 
also have reviewed the pertinent published work with this reagent. Since 
0-methylisourea appears to react specifically with the e-amino groups of 
lysine, it is the best available reagent for the chemical modification of 
these groups. With chymotrypsinogen, all of the «-amino groups were 
smoothly guanidinated, and activation of the resulting protein with trypsin 
produced proteolytic activity equivalent to that expected from native 
chymotrypsinogen. 

This paper reports some observations on the reaction of O-methylisourea 
with bovine pancreatic ribonuclease (RNase) and the effect of this reaction 
on the activity of the enzyme. Fully guanidinated RNase has no enzymic 
activity. A comparison of the loss in activity with the extent of guani- 
dination indicates a division of the lysine residues into at least two classes 
with respect to reactivity toward O-methylisourea. The reaction of one 
of these classes, perhaps consisting of but a single residue, results in the 
loss of RNase activity. 

EXPERIMENTAL 
Materials 

Bovine pancreatic ribonuclease was obtained from Armour and Company, 
and samples from lot No. 381-059 were used in this work. Column chro- 
matography of this material on Amberlite IRC-50 showed about 90 per 
cent A peak and 10 per cent B peak (2). The modification reactions 
were carried out on the unfractionated material. The only difference so 
far reported between the material in Peaks A and B is that of a single 
amide group (3). O-Methylisourea hydrochloride was synthesized as 


described by Kurzer and Lawson (4) and stored in sealed evacuated ampules 
at —30°; under these conditions, the dry reagent was stable for many 


* Aided by grants from the James Hudson Brown Memorial Fund of the Yale 
University School of Medicine, from the American Cancer Society, and from the 
National Institutes of Health. 

t Predoctoral Research Fellow of the United States Public Health Service. 
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months. Ribonucleic acid substrate for use in assaying RNase activity 
was prepared from (Schwarz) yeast nucleic acid. A 1 per cent solution 
of this material in 0.1 m acetate buffer, pH 5, was precipitated by the addi- 
tion of 3 volumes of alcohol and 0.2 volume of glacial acetic acid. This 
procedure was repeated until a solution of the precipitate 0.5 per cent in 
ribonucleic acid (RNA) made up in the acetate buffer gave a negligible 
blank in the assay procedure described below. The uridine 3’-phosphate, 
uridine 2’ ,3’-phosphate, and cytidine 2’ ,3’-phosphate were products of the 
Schwarz Laboratories, Inc. 


Methods 


The measurement or maintenance of pH was performed with a radiom- 
eter TTT la titrator used either as a pH meter or an autotitrator (5). 
All measurements refer to room temperature and standardization with 
aqueous buffer solutions. 

Measurements of RNase activity were made routinely by a method similar 
to that of Anfinsen et al. (6). 1 ml. of RNA substrate solution was in- 
cubated with 10 to 100 ul. of the enzyme solution for 15 minutes at 25.0°. 
The reaction was stopped with 1 ml. of the precipitant (0.5 per cent uranyl 
acetate, 2.5 per cent trichloroacetic acid) recommended by Holden and 
Pirie (7). After 5 minutes, the solution was centrifuged, the supernatant 
fluid was diluted 1:11 with water, and the optical density at 260 mg 
was determined. A linear relation between optical density and the amount 
of enzyme was obtained with 0 to 10 y of RNase. In all subsequent ref- 
erences to activity measurements, this was the assay technique employed 
unless specifically stated to the contrary. 

Protein samples for amino acid analysis were hydrolyzed in constant 
boiling HCI in sealed ampules for 20 to 24 hours at 110°. The hydrolysates 
were chromatographed on columns of the sulfonated polystyrene resin 
Amberlite IR-120 (XE-69).!. The ninhydrin determinations on the effluent 
liquid were performed either manually or by means of automatic recording 
equipment similar to that described by Spackman, Stein, and Moore (8). 
Homoarginine is well separated from arginine and the other basic amino 
acids (cf. Fig. 1 in Chervenka and Wilcox (1)). 

A micromodification of the Sakaguchi technique described by Albanese 
et al. (9) was used occasionally to follow the course of the guanidination 
reaction. The method had the advantage of speed and simplicity and 
required as little as 250 y of protein. The results agreed moderately well 
with ion exchange analysis. However, residual lysine had to be estimated 
by difference, and, in extensively guanidinated samples, this small dif- 
ference value could not be obtained reliably. The technique was partic- 


! Personal communication from Dr. S. Moore and Dr. W. H. Stein. 
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ularly useful in the estimation of n-butylguanidine as indicated below 
in connection with the measurement of the uptake and hydrolysis of O- 
methylisourea. 

Preparation of Guanidinated Ribonuclease—The pH of a solution of 
0-methylisourea hydrochloride was adjusted with 2.5 n NaOH to the 
desired value between 8.5 and 11 as measured at room temperature. This 
solution was cooled to 2° and added to the RNase sample to give final 
concentrations of 0.5 mM O-methylisourea and 0.5 per cent protein. This 
protein concentration is much smaller than that used by other workers 
(1,10). Since the reagent is a good buffer in the pH region 9 to 11, very 
small pH changes would be expected from solution of the protein in the 
adjusted reagent or from the subsequent reaction. Thus the reaction 
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Fic. 1. Extent of guanidination, expressed as residual lysine, as a function of time 
for the reaction conditions: 0.5 m O-methylisourea, 0.5 per cent RNase, 2°, starting 


pH as indicated (see the text). 


oO 


was assumed to take place at an essentially constant pH, although the 
exact value is not known because of the temperature change between 
measurement and reaction. 

The reactions were allowed to proceed at 2° for periods of time of from 
afew hours to 3 or 4 days. Samples were taken at appropriate intervals 
and placed in sufficient acetate buffer, pH 5.0, to bring the resulting pH 
below 7. These solutions could then be stored at 2° for long periods with- 
out change. Assays of enzyme activity were made directly on aliquots of 
such solutions. For amino acid analysis, the protein was precipitated 
with trichloroacetic acid and the precipitate washed with alcohol and ether 
before hydrolysis. | 

When guanidination reactions were carried out in the presence of urea, 
it was necessary to add the required amount of urea to the isourea solutions 
before the final pH adjustment, since 8 m urea appreciably raises the meas- 
ured pH (11). Small amounts of urea occasionally crystallized from these 
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solutions upon standing at 2°; the results of the experiments were not 
noticeably affected. 

In preparative scale experiments, the reaction conditions were the same 
as above. The reactions were stopped by adding an equal volume of 1 x 
phosphate buffer of pH 5. The solutions were exhaustively dialyzed 
against distilled water, and the modified protein was obtained as a lyo- 
philized powder. 

The extent of guanidination as a function of time is shown in Fig. 1. 
The rate of reaction appears to show a maximum at pH 10.5, being slightly 
slower. at both pH 10 and pH 11, and falls off rapidly below pH 10. Only 
a slight further increase in rate is shown in the presence of 8M urea. When 
the data are plotted in terms of the first order rate equation, non-linear 
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LYSINE RESIDUES REMAINING 


Fig. 2. RNase activity as a function of residual lysine for the same preparations 
shown in Fig. 1. For the derivation of the curves see the text. ka/k, = 5.0 
3.0 ——;15-— —-; 1.0. 


plots are obtained, indicating that the reaction does not involve merely 
the statistical substitution of 10 intrinsically identical lysine residues. 
However, plateaus of incomplete substitution at the lower pH values were 
not observed, in contrast to the observations with human serum albumin 
(10). 

The residual enzyme activity as a function of the extent of guanidination 
is shown in Fig. 2. As the reaction approaches completion (no lysine 
remaining), the activity of the enzyme preparation drops toward zero. 
In an attempt to interpret these data, the curves shown in Fig. 2 were 
computed with the following assumptions: the 10 lysine residues may be 
divided into two classes, (a) 9 residues which react with an average rate 
constant, k,, and may be guanidinated without affecting the enzymic 
activity of the molecule; and (b) 1 residue which reacts with a rate con- 
stant, ks, and whose guanidination results in a complete loss of activity. 
Let x and y be the number of lysine residues remaining in classes (a) and 
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(b), respectively. The total number of residues remaining is then x + y. 
The per cent activity remaining is 100 y. Combination of the simple rate 
equations for each class leads to 


log x = (ka/ks) log y + log 9 (1) 


The curves in Fig. 2 are plots of 100 y versus x + y computed from Equation 
1 for various values of the ratio, ka/k,. It will be noted that, except for 
the data at pH 11 and that obtained in 8 M urea, the points all conform 
fairly well to the curve for ka/k, equal to 5. This ratio for the other 
two sets of data is closer to unity. The tendency of RNase to become 
denatured in alkali, and the marked unfolding which occurs in 8 m urea 
(12) is compatible with the tendency towards statistical substitution shown 
in Fig. 2 for the pH 11 and 8 o urea curves (7.e., ka:k, approaches 1, or all 
lysine residues are more readily available and react at more nearly the 
same rate). It should be emphasized that, although the 9:1 ratio provides 
the simplest explanation, this particular division of the lysine residues is 
by no means the only one which can be made to fit the data. 

A few experiments were carried out under conditions other than those 
described above. In the presence of 2.5 m O-methylisourea, the substitu- 
tion and loss in activity were somewhat more rapid but by much less than 
a factor of 5. At room temperature, the reaction also proceeded more 
rapidly. At pH 10.5, 0.5 m O-methylisourea, 0.5 per cent RNase, and 23°, 
the RNase activity was reduced to 50 per cent in 5 hours. In 25 hours, 
the loss in activity was essentially complete, and amino acid analysis in- 
dicated 0.1 residue of lysine remaining per mole of protein. 

Chemical Characterization of Guanidinated Ribonuclease—In this and 
the following sections, comparisons are made between native RNase and a 
guanidinated preparation. The modified sample used contained 0.48 
lysine residues per mole of protein, had a specific activity of about 33 per 
cent that of the native enzyme, and is referred to as ‘‘95-guan-RNase.”’ 

Average values for the amino acid analyses of several samples of both 
native RNase and various guanidinated preparations are given in Table I. 
The values are uncorrected for hydrolysis losses, but all the samples were 
hydrolyzed under nearly identical conditions and the results may thus be 
compared directly. Within the indicated limits of error and with the 
exclusion of the conversion of lysine to homoarginine, there appears to be 
no significant difference in composition between the guanidinated and native 
proteins except for the content of cystine and tyrosine. It is believed that 
the low value for both of these amino acids arises from destruction during 
hydrolysis. This destruction appears to depend on the presence of impuri- 
ties in the guanidinated preparations associated with the isourea reagent or 
its decomposition products. It has been possible to demonstrate the 
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presence of cystine in 95-guan-RNase hydrolysates only after initial 
purification of the protein by adsorption on Amberlite IRC-50. Even in 
this case the recovery was only 50 per cent. That the cystine is probably 


TABLE I 
Amino Acid Analyses of Ribonuclease and Guanidinated Ribonuclease 


Residues per mole of protein 

Literature values 

Amino acid RNase Guan-RNaseft ites RNase 

(13)$ (44, 15) 
Lysine + homoarginine..... 9.8 + 0.1 10.1 + 0.5 | 10.9 10 
3.7 + 0.3 40+ 0.1 3.8 4 
4.1+ 0.1 3.9 + 0.2 4.2 4 

(Cysteic acid)§............. (8.0)§ (8)§ (7.3)§ | (8)§ 
Aspartic acid............... 14.6 + 0.1 15.2 + 0.5 | 15.3 15 

(Methionine sulfone)§....... (3.9)§ (3.8)§ (3.8)§ (4)§ 
9.8 + 0.4 9.52 0.9 | 10.2 10 
12.7 + 0.9 13.3 + 1.2 | 13.8 15 
Glutamic acid.............. 12.5 + 0.3 12.14 0.4 | 12.2 12 
4.42 0.5 40+ 0.3 4.7 4 
3.8 + 0.3 3.5 + 0.7 3.6 3 
12.6 + 0.4 12.524 0.9 | 12.8 12 
6.9 + 1.0 0 — 4|| 6.1 8 
Re 9.0 + 0.2 8.8 + 0.6 9.4 9 
Methionine................. 3.3 + 0.5 3.1 + 0.9 3.2 4 
EES er ee 2.6 + 0.1 2.5 + 0.5 2.6 3 
2.6 + 0.2 2.3 + 0.2 2.7 2 
5.4 + 0.1 3.9 + 1.1]} | 5.2 6 
Phenylalanine.............. 3.1 + 0.1 3.3 + 1.1 3.1 3 


* Averages of values from three separate analyses of Armour lot No. 381- 
059. Hydrolysis time, 20 to 24 hours at 110°. 

t Averages of values from five analyses except for basic amino acids, where 
twenty-five runs (data for Fig. 1) are averaged. Samples analyzed for the acidic 
and neutral amino acids ranged from 50 to 100 per cent guanidination. 

t Averages of values from two analyses of Armour lot No. 381-059. Hydrolysis 
time, 22 hours, refluxing 6 N HCl. Numbers recalculated from the data reported by 
Hirs (13). 

§ Values for cysteic acid and methionine sulfone obtained from separate analyses 
on performic acid-oxidized samples. 

|| See the text for a discussion of these values. 


present unchanged in the intact protein is shown by the recovery of the 
expected amount of cysteic acid after performic acid oxidation (13) before 
hydrolysis. The presence of the full complement of tyrosine residues in 
the intact protein is inferred from the spectral data presented below. 
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95-Guan-RNase was treated with fluorodinitrobenzene and the hydroly- 
sate examined by the chromatographic procedures of Levy (16). No 
bis-dinitrophenyl lysine (di-DNP lysine) was found in the ether extract. 
Approximately 0.3 mole of a-DNP homoarginine per mole of protein was 
recovered from the aqueous phase. Since recoveries of di-DNP lysine 
from native RNase are very low and variable in our hands, the data are 
not considered good enough to exclude the possibility of some guanidination 
of the N-terminal a-amino group. The reaction of this group to any signifi- 
cant extent is rendered unlikely by the consistent recovery of 10 moles of 
lysine plus homoarginine per mole of protein even in highly guanidinated 
samples as shown in Table I. 

The uptake of O-methylisourea during the guanidination reaction was 
measured by the method of Chervenka and Wilcox (1). In order to 
measure a significant change in reagent concentration, the ratio of reagent 
to protein had to be lowered 100-fold below that used in the procedures 
described above. 0.2 ml. of a 10 per cent solution of RNase in 0.1 mM 
0-methylisourea at pH 10.5 was incubated at room temperature for 24 
hours. 2 ml. of 5 per cent aqueous n-butylamine were added, and the total 
volume was made up to 5 ml. The solution was stored overnight at room 
temperature. The protein from a 1 ml. aliquot was then precipitated by 
the addition of an equal volume of 10 per cent trichloroacetic acid. After 
centrifugation and washing of the precipitate, the supernatant fluid and 
washings were made up to 25 ml., and 0.1 ml. aliquots were analyzed by the 
Sakaguchi method. The homoarginine content of the precipitated protein 
was determined by column chromatography. A duplicate reagent sample 
containing no protein was carried through the same procedure. 

The blank run indicated that 41 per cent of the isourea reagent was 
destroyed by hydrolysis in the 24 hour period. In the sample containing 
an amount of protein initially equivalent to 73 umoles of lysine, analysis 
showed the appearance of 68 uwmoles of homoarginine; the corresponding 
loss of reagent was 60 to 80 umoles, depending on how the correction for 
hydrolysis was made. Thus the reagent, which disappeared in excess of 
the hydrolysis loss, is equivalent to the homoarginine formed. ‘Taken to- 
gether, the amino acid composition, end group analysis, and the stoichiom- 
etry of the reaction would indicate that the only sites of reaction in RNase 
are the e-amino groups of lysine, confirming the evidence of previous studies 
(1) on the specificity of this reaction. 

Physicochemical Characterization of Guanidinated Ribonuclease—Guanidi- 
nated ribonuclease is considerably less soluble under a variety of conditions 
than is the native enzyme, a phenomenon commonly noted with chemically 
modified globular proteins. No quantitative studies of solubility were 
made. 

Electrophoresis on paper was carried out at 2° in 0.05 m carbonate 
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buffer at pH 9.93 with a gradient of 5 to 10 volts percm. Both RNase and 
highly guanidinated preparations moved as small discrete spots and were 
easily separated in 20 hours. Partially guanidinated preparations gave 
spots which were considerably elongated in the direction of migration and 
which had mobilities intermediate between the native and the fully sub- 
stituted samples. There was a fair correlation between the average 
mobility of a preparation and its homoarginine content. The elongation 
of the spot was taken as evidence of heterogeneity with respect to extent 
of guanidination. However, the separations obtained were not good 
enough to indicate the use of this technique for the preparative fractionation 
of highly guanidinated samples. 

Sedimentation measurements were made on 95-guan-RNase with a 


TABLE II 
Comparison of Specific Rotations 
Sample pH 
This study Literature 
°C. *C. 
RNase 3.25 74.0 
8.0 73.0 
5.41 74.2 (17) 
RNase, 8 M urea 5.6 108.5 (17) 
- oxidized 4.0 91.6 (17) 
95-guan-RNase 3.25 61.9 
8.0 63.9 
100-guan-RNase* 8.0 63.2 


* Fully guanidinated ribonuclease showing no enzymic activity. 


Spinco model E analytical ultracentrifuge. The solutions used were 
(1) 0.1 m KCl, 0.02 m citrate buffer, pH 3.25, and (2) 0.1 m KCl, 0.02 m 
phosphate buffer, pH 8.0, with a protein concentration of 1 per cent in 
each case. The corrected sedimentation constants, s2,,., were (1) 1.90 
S and (2) 1.95 S, respectively. These values compare favorably with 
1.80 to 1.90 S reported for native RNase (6, 17). The diagrams showed 
single symmetrical peaks with no indication of faster sedimenting material. 
Thus, aggregation of the modified protein apparently does not occur. 
Such polymerization would have caused an increase in sedimentation 
constant while any extensive swelling of the molecules would have pro- 
duced a significant decrease. 

‘Optical rotations were determined at room temperature with a Rudolph 
model 200 photoelectric polarimeter by using the sodium D line. _ 1 per cent 
protein solutions were prepared in the buffers described above. The 
measured specific rotations are given in Table II. It will be noted that 
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the observed rotations for the guanidinated preparations are significantly 
lower than that of the unmodified enzyme. The direction of the change 
in rotation is, however, opposite in sign to that seen under denaturing 
conditions such as the solution in 8 M urea or oxidation with performic 
acid. Although the theoretical basis for the interpretation of such data 
is by no means firmly established, changes in rotation such as those ob- 
served in this study have been interpreted to indicate an increase in the 
structural organization of peptide chains (18, 19). Although the enzymic 
activity drops from 33 per cent to zero in going from 95-guan-RNase to 
100-guan-RNase, the specific rotation is essentially unchanged. It is 
concluded tentatively that the alteration in structure reflected in the 
change in specific rotation is not directly connected with the loss in activity. 
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Fig. 3. Molar extinction at 295 my of ribonuclease and a highly guanidinated 
preparation as a function of pH. Above pH 12 the extinction was time-dependent 
for both samples. 


A comparison of the titration curves of RNase and 95-guan-RNase in 
0.1 mM KCl at 25° showed a loss in the modified protein of nine to ten groups 
with an average pK’ of about 10.6. The data below pH 3 and above pH 
11 were rendered uncertain because of the large corrections required for 
free acid or base. Thus the appearance of the new guanidinium groups 
could not be demonstrated by this titration. A slight difference in the 
curves at pH values lower than 5 was noted, the modified protein binding 
more protons at any given pH. This effect could be due either to an 
increase in anion binding caused by alteration of the amino groups or to 
an increase in the pK’ values of some of the carboxyl groups as a result of 
changes in their local environment. 

The titration of the tyrosine residues in the alkaline pH range was 
followed by the changes in the ultraviolet absorbance. The molar extinc- 
tion coefficients at 295 my as a function of pH are shown in Fig. 3 for both 
preparations. The samples were measured in 0.1 M piperidine buffers 
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adjusted to the required pH by the addition of HCl or KOH. Aliquots of 
a standard protein solution were added to each buffer, and the optical 
density at 295 my was determined as a function of time. The absorption 
was time-dependent only at the higher pH values and these were extrapo- 
lated to zero time. The 6 tyrosine residues in RNase are divided into 
two classes, three groups titrating reversibly in the normal range and three 
appearing only after irreversible alkali denaturation (e.g. (20)). 95-Guan- 
RNase clearly shows the same distinction among these tyrosine residues. 
Although the data do not fit too well the more accurate determinations of 
Tanford et al. (20) in the region above pH 12.5, the form of the curves is 
similar with the break occurring after the titration of three out of the 
six phenolic groups. Thus the activity loss on guanidination is not due 
to interference with the immediate environment of these masked tyrosine 
residues. 

The ultraviolet absorption spectra of the two proteins at pH 7 were 
similar but not identical. Both showed absorption maxima at 277 mu 
and minima close to 253 my. The measured molar extinction coefficients 
were RNase, €277 = 10.5 X 10%, = 5.1 & 95-guan-RNase, = 
9.8 X 10%, = 4.8 liter mole“ cm.—'. Solutions in 1 N NaOH 
again showed similar peak positions and curve shape for the two proteins, 
the extinction coefficients being somewhat greater for RNase at all wave 
lengths. The spectral data obtained indicate that the 6 tyrosine residues 
are present intact in the guanidinated protein. The fact that the extinc- 
tion coefficients of RNase are consistently somewhat higher than those of 
95-guan-R Nase indicates that a subtle structural change has indeed taken 
place as a result of guanidination. This shift may be compared to that 
found by Harrington and Schellman (17) for oxidized RNase and for RNase 
in 8 mM urea. In the present case no change in the position of the absorp- 
tion maximum has been observed, nor is the magnitude of the drop in 
extinction as large. Furthermore, the spectrophotometric titration data, 
which indicate no change in the behavior of the two sets of 3 tyrosine resi- 
dues, do not allow the conclusion that the change in extincticn is the result 
of the unmasking of a phenolic group as Harrington and Schellman have 
suggested in the case of the denatured molecules. 

Enzymic Activity of Guanidinated Ribonuclease—The stability of native 
RNase and 95-guan-RNase was tested under conditions closely approxi- 
mating those used for the O-methylisourea reaction. No change in the 
activity of either enzyme sample was noted on incubation at 2° under the 
following conditions: 100 hours, pH 10.5, 0.5 mM guanidine; 100 hours, pH 
10.5, 0.5 mM guanidine, 8 mM urea; 46 hours, pH 11.0, 0.5 m guanidine. 

The stability of RNase and of 95-guan-RNuase was tested as a function 
of pH and temperature. The test liquids were made up from the compo- 
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nents of the universal buffer mixture of Britton and Robinson (see (21)). 
Starting solution was 0.5 m in NaCl and 0.003 mo in each of phosphate, 
citrate, Veronal, and borate. Portions of this solution were adjusted with 
NaOH or HCI to give the required pH between 1 and 11. Aliquots of the 
enzyme solutions were incubated in these various mixtures for the required 
length of time. At the end of the incubation period, the samples were 
cooled in ice water, diluted with an equal volume of 0.3 mM acetate buffer, 
pH 5.0, and assayed. No change in the activity of either preparation 
was noted between pH 1 and 11 after 1 hour at room temperature. The re- 
sults of incubation at 100° for 20 minutes are shown in Fig. 4. The 
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Fig. 4 Fia. 5 


Fia. 4. Heat stability of the enzyme preparations. Samples heated for 20 min- 
utes at 100° at the pH indicated. All assays were carried out at pH 5.0. Activity 
expressed as per cent of unheated controls. 

Fic. 5. Activity at fixed enzyme and substrate concentrations as a function of 


pH. Data normalized at pH 7. 


per cent residual activity is based on unheated control samples. The 
two enzyme preparations are seen to behave in essentially the same manner 
except perhaps at pH 1. 

The pH-dependence of the activities of RNase and 95-guan-RNase were 
compared. For these experiments the RNA substrate, 0.5 per cent, was 
prepared in 0.1 mM KCl without buffer. 2 ml. aliquots were placed in the 
autotitrator at 25°. - The pH was adjusted to the desired value and main- 
tained by the addition of 0.02 m NaOH. The enzyme solution was added 
and the mixture incubated for 30 minutes. The reaction was stopped by 
adding 2 ml. of the trichloroacetic acid precipitant as in the usual pro- 
cedure. The activity measurements in arbitrary units normalized at 
pH 7 are shown in Fig. 5. Again the two preparations show identical 
results. 

The activities of the same enzyme solutions were assayed by the spectro- 
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photometric method of Kunitz (22), involving the decrease in optical 
density of the RNA substrate at 300 my during digestion. The same 
RNA substrate described above was used at 0.1 per cent concentration in 
0.1 mM acetate buffer, pH 5.0. When the assay was to be carried out in the 
presence of urea, both the enzyme and substrate solutions were made 8 m 
with respect to urea before mixing. The pH was adjusted to 5.0 after the 
addition of the urea. In Table III it is seen that both RNase and 95-guan. 
RNase seem to be stimulated about 2-fold in the presence of 8 M urea, when 
assayed by this technique. 

The 2’,3’-phosphates of both uridine and cytidine were used as sub- 
strates for activity determinations. The assays were based on the increase 


TABLE III 
Comparison of Enzyme Activities with Various Substrates 


Specific activity (arbitrary units)* 


Substrate RNase | 95-Guan-RNase 

Water | 8 M urea | Water | 8 M urea 
RNA (Kunitz assay)................. | 100 | 260 | 46 92 
Uridine 2’,3’-phosphate.............. 100 | 4 | 35 ] 
Cytidine 2’,3’-phosphate......_...... | 100 | 13 | 33 4 


* The activity units are based on a given substrate in water with RNase as 100 
and are not directly comparable between different substrates. At 25°, 30 per cent 
reaction was obtained in 5 minutes at RNase concentrations of 2 y per ml. for RNA, 
140 y per ml. for uridine 2’,3’-phosphate, and 65 y per ml. for cytidine 2’,3’-phos- 
phate; other conditions of assay are as described in the text. 


in optical density at 280 my which occurs during the hydrolysis of the 
phosphodiester bond and were performed as previously described (23). 
The incubation mixtures contained 1 mg. of substrate per ml. of 0.1 m 
acetate buffer, pH 5.0. Identical substrate concentrations were employed 
in the solutions containing 8 M urea. It may be seen in Table III that the 
activities of both the native and modified protein are markedly reduced in 
8 M urea when acting on these low molecular weight substrates and that 
the relative decrease is essentially the same for the two enzyme prepara- 
tions. Qualitative studies which employ product separation by paper 
chromatography have shown that, as is known for native RNase, 95-guan- 
RNase does not attack adenosine 2’ ,3’-phosphate. 

The activity measurements presented indicate that no marked changes 
have been produced in the substrate specificity of RNase as a result of 
guanidination. Furthermore, the catalytic behavior of 95-guan-RNase in 
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urea parallels that of the native enzyme. The change in the enzymic 
properties of RNase on guanidination is quantitative rather than qualita- 
tive, and would indicate that a molecule of the modified enzyme is either 
completely active or completely inactive. The possibility that the modifi- 
cation reaction produces molecules with partial activity appears unlikely 
in view of the nearly identical behavior of the activities measured under a 
variety of conditions. 

The measurements in urea are in disagreement with the conclusions of 
Anfinsen (24) that 8 mM urea has no effect on the activity of RNase. It is 
difficult, at present, to explain the stimulation on the one hand or the 
marked inhibition on the other; but it seems apparent that the effect of 
urea on the activity of RNase requires a much more detailed investigation 
than has been made to date. 


DISCUSSION 


By the appropriate choice of conditions it has been possible to effect the 
guanidination of all of the e-amino groups in the RNase molecule. Thus 
none of the lysine side chains in the native protein are held in covalent 
linkage as previously indicated by titration data (25). The enzymic 
activity is completely lost in fully guanidinated samples. That there is a 
connection between the amino groups and the enzyme activity of RNase 
is indicated in the work of Zittle (26) and the preliminary report of Brown 
et al. (27). 

Previous studies have shown that O-methylisourea is a highly specific 
reagent for the chemical modification of proteins. As confirmed in this 
study, only amino groups react with the reagent. A disadvantage in the 
general application of this reaction is the alkaline pH which must be used 
to obtain a reasonable rate. The stability of RNase and 95-guan-RNase 
under the reaction conditions has shown that the decrease in activity is 
a result of the guanidination and not a fortuitous inactivation by the 
reaction medium. In these experiments, guanidine was substituted for 
0-methylisourea on the assumption that its denaturing action is at least 
as great as that of the latter reagent. 

Where an attempt is made to establish a direct connection between 
the chemical modification of a protein and alteration of its biological 
activity, it is essential to demonstrate that no change has occurred in 
the protein molecule other than the specific alteration under study. Al- 
though the data presented in this paper indicate that gross changes in the 
physical state of the molecule appear to be absent, the comparisons made 
between RNase and 95-guan-R Nase do reveal subtle changes, as evidenced 
by spectral and optical rotatory differences. It has not yet been deter- 
mined whether these physical changes are merely linearly related to the 
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extent of guanidination or whether they are directly related to the specific 
alteration, causing loss of enzyme activity. 

It is possible to interpret the activity data in terms of the following 
scheme: 


(OH-) 
(active) H* (inactive) (inactive) 
Substrates 
Competitive 
Inhibitors 


RNase-a refers to the structure of the enzyme in its active form, or po- 
tentially active form, if inhibitors are present. When the molecule is 
in this configuration, the single essential lysine residue is unavailable 
for reaction. RNase-z identifies a structure with no enzyme activity and 
in which the critical lysine residue has become unmasked. In guan- 
RNase this lysine has been converted to homoarginine with resultant 
irreversible inactivation on the assumption that the RNase-a structure 
cannot be reformed in the presence of the altered side chain.? 

That the irreversible conversion of RNase-2 to guan-RNase is a result 
of the reaction of a single lysine residue is indicated by the data correlating 
enzymic activity and extent of guanidination (Fig. 2). The fact that this 
residue reacts much more slowly than the other 9 residues is a reflection 
of the reversible equilibrium between RNase-a and RNase-t. At pH 10.5, 
in the absence of urea, the ratio of RNase-a to RNase-i is 4:1. The 
equilibrium is shifted so that the ratio is greatly decreased when the medium 
is made 8 mM with respect to urea. This interpretation is strengthened by 
the observation that relatively high concentrations of uridine 3’-phosphate, 
a strong competitive inhibitor of RNase (23, 28), will markedly reduce 
the rate of inactivation during the guanidination reaction. The uridylic 
acid presumably combines with the RNase-a but not with RNase-i and 
thus shifts the equilibrium to the left. The scheme assumes that the 
other 9 lysine residues are equally available in both forms of the unmodi- 
fied enzyme, an assumption which is consistent with the data indicating 
that 8 m urea (or uridylic acid) has only a small effect on the over-all] rate 
of the guanidination reaction. 

If this critical lysine residue were a portion of the so called “active 
center” directly involved in interaction with substrates, one would not 
expect it to be ‘“‘masked” from the relatively small isourea molecule. It 


2 Such a general scheme, of course, will fit a great many observations; for example, 
much of the very interesting data recently reported by M. Sela and C. B. Anfinsen, 
at the 13lst meeting of the American Chemical Society, Miami, Apr. 7-12 (1957). 
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appears more likely that the amino group is involved in a cross-linkage of 
importance in maintaining the integrity of the ‘‘active center’ region. 
This bonding is not covalent and is probably freely reversible in the absence 
of more drastic molecular changes. The spectral titration data would 
indicate that the portion of the molecule involved is not the same as that 
affecting the tyrosine residues during alkali denaturation. Speculation 
as to the type of bond involved appears to be premature at present. 


SUMMARY 


In the reaction of O-methylisourea with bovine pancreatic ribonuclease, 
all of the 10 lysine residues may be guanidinated in the ¢ position. The 
reaction appears to be specific for these groups. The fully modified protein 
is enzymically inactive. Small changes occur in the ultraviolet spectra 
and optical rotation. A comparison of the residual activity of a highly 
guanidinated sample with that of the native enzyme and the nature of the 
loss in activity as a function of the extent of guanidination suggests that 
there are 9 lysine residues readily available for reaction and whose guanidi- 
nation does not affect the activity of the enzyme, and that there is 1 lysine 
residue which is partially masked in the native enzyme and whose reaction 
results in a complete loss of enzyme activity. 


The authors wish to express their gratitude to Dr. 8. Moore and Dr. W. 
H. Stein for many helpful discussions on amino acid analysis in theory 
and practice, to Dr. and Mrs. 8. J. Singer for the sedimentation measure- 
ments reported, to Mr. L. Laufer of the Schwarz Laboratories, Inc., for 
the donation of the nucleoside cyclic phosphates, to Dr. P. E. Wilcox for 
discussions of his work on chymotrypsinogen before its publication, to 
Dr. J. S. Fruton for his criticism and appraisal of this manuscript, and to 
Miss M. Hubbard for some of the analyses reported. 
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METABOLISM OF 118-HYDROXY-A‘t-AN DROSTENE-3, 17-DIONE 
IN MAN* 


By H. LEON BRADLOW anp T. F. GALLAGHER 
(From the Sloan-Kettering Institute for Cancer Research, New York, New York) 


(Received for publication, May 20, 1957) 


This study describes the metabolism and fate of an intravenous tracer 
dose of 118-hydroxy-A‘-androstene-3 , 17-dione-4-C™ (1). The compound 
studied is a primary adrenal secretory product (1-3) chemically related to 
hydrocortisone but different from that adrenal hormone in that the ketol 
side chain has been replaced by a simple ketone. Knowledge of the metab- 
olism of this substance and the dynamics of its transport is of value for a 
number of reasons: (1) The compound is almost certainly a precursor of 
certain 1l-oxygenated Cig steroids found in urine. Therefore the end 
products and especially their quantitative relationship should provide 
an opportunity to evaluate the extent to which glandular production of 
this hormone contributes to the urinary steroid pattern. (2) The com- 
pound might be a precursor of Cy, 11-deoxy urinary steroids. If this were 
the fact, the most reasonable end products would be 3a-hydroxyandrostane- 
17-one and 3a-hydroxyetiocholane-17-one and, therefore, the extent to 
which these were formed should be a measure of the biochemical removal 
of the oxygen at C-11. The inability of the body to form these metabolites, 
on the other hand, should provide presumptive evidence that an oxygen 
atom at C-11 remains attached to the steroid nucleus throughout the 
biochemical transformation of steroid hormones. (3) A comparison of 
this compound with hydrocortisone was of interest in order to explore the 
possibility that structurally similar hormones undergo a similar distribu- 
tion and metabolic fate. (4) Knowledge of the absolute and relative 
amounts of 58 and 5a metabolites derived from this compound would 
provide a test of Dorfman’s hypothesis that the chemical nature and 
quantity of hormone produced by a gland can be inferred from calculations 
based on the amount and stereoisomeric ratio of metabolites in the urine. 

It has been found that approximately 80 per cent of the total urinary 
metabolites of (1) can be accounted for as four 1l-oxygenated 17-keto- 
steroids of the androstane and etiocholane series (Fig. 1). No significant 
amount of 11-deoxy compounds was found among the metabolites of this 
hormone. Compound I was transported, metabolized, and excreted in a 

* This investigation was supported in part by a grant from the American Cancer 


Society and a research grant (No. C-440) from the National Cancer Institute of the 
National Institutes of Health, United States Public Health Service. 
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significantly different manner from hydrocortisone. Moreover, the 
endocrine status of the recipient was without influence on the fate of the 
steroid since almost identical results were obtained in two widely disparate 
subjects. Consideration of the route of biochemical reduction of the 
unsaturated substituents in the A ring necessitates a reevaluation of the 
hypothesis advanced to explain previous findings in vivo. 


Fic. 1. 118-Hydroxy-A‘-androstene-3,17-dione and its major metabolites. The 
solid circle indicates the location of C". 


EXPERIMENTAL 


Subject F was a male patient with multiple sclerosis. His endocrine 
function and metabolism were normal as judged from repeated urinary 
steroid patterns as well as his response to adrenocorticotropin (ACTH) 
and cortisone. Subject S was a highly virilized woman with an elevated 
steroid excretion pattern but capable of a pronounced rise in steroid pro- 
duction with ACTH as well as a marked fall in ketosteroid excretion upon 
treatment with cortisone. 

Hormone injections were made over a 30 minute period. (I) (4.86 ue. 
per mg.) was dissolved in a small amount of ethanol and immediately 
before injection was added to approximately 200 ml. of isotonic glucose. 
The amount injected was calculated from the weight of the solution in- 
‘fused and the specific activity per gm. of solution. Aliquots of the infusion 
solution were analyzed for radioactivity immediately after the solution 
was administered. Patient S received 1.7 ue. and Patient F 0.78 ye. 

Radioactive 118-hydroxy-A‘-androstene-3 , 17-dione-4-C"4 (I) was obtained 
from the Endocrinology Study Section of the United States Public Health 
Service, to whom we express our thanks. Permission was obtained from 
the Atomic Energy Commission to administer the radioactivity in this 
compound to human subjects. 

The possibility that the radioactive hormone was contaminated with 
the corresponding 11-deoxy compound was examined as follows: To a 
portion of the infusion solution containing 57,000 c.p.m. were added 47.1 


The 
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mg. of pure carrier A‘-androstene-3,17-dione. The mixture was extracted 
with ether and the residue chromatographed on a silica gel partition column 
(4). The eluates containing A‘-androstene-3 ,17-dione were combined and 
recrystallized from acetone-hexane. The recrystallized compound was 
found to be devoid of radioactivity. 

Radioactivity measurements were made on “‘infinitely thin”’ samples with 
a Tracerlab SC-50 windowless counter. Urine samples were also counted 
in the infinitely thick range as previously described (5). The two pro- 
cedures agreed well and the results were averaged. 

Blood collections were taken with heparin as anticoagulant. Blood was 
added, with stirring, to a hot mixture of acetone, alcohol, and chloroform, 
the protein was removed by filtration, washed with chloroform-alcohol, 
and the combined organic solvent extracts were directly counted to give 
the total blood radioactivity. 

Fractionation of Blood Extract—The chloroform-alcohol extract was 
concentrated to dryness and the residue was partitioned between water 
and chloroform. The chloroform extract was washed with 5 per cent 
sodium carbonate solution saturated with sodium chloride and then washed 
with a saturated sodium chloride solution. The aqueous phases were 
reextracted with ethyl acetate. The organic soluble extracts were com- 
bined and counted. The value is referred to as the radioactivity of the 
“free” blood steroid fraction. The aqueous washes were combined, 
neutralized, and brought to a concentration of 5 volumes per cent with 
sulfuric acid. After being heated under a reflux for 30 minutes, the aqueous 
phase was extracted continuously with ether. The ether was washed with 
sodium bicarbonate solution and with water and the ether-soluble extract 
was counted. The value obtained is referred to as the ‘‘conjugated”’ 
blood steroid. With Subject S the 55 minute blood sample contained 7.7 
per cent of the dose per liter, 92 per cent of which was ‘‘conjugated.”’ 
The 125 minute blood sample contained 1.3 per cent of the dose per liter; 
the 330 minute sample contained 0.25 per cent of the dose per liter; all 
the radioactivity was in the ‘“‘conjugated” fraction in the latter two speci- 
mens. 

Urine collections were made at intervals for 72 hours. Cumulative 
excretion data for the two patients are plotted in Fig. 2. A rate analysis 
of the urinary radioactivity excreted by Patient S is given in Fig. 3. 

Hydrolysis of the urinary steroid conjugates was accomplished by the 
following procedures. The urine samples were adjusted to pH 5 and 10 
volumes per cent of acetate buffer at pH 5 and 300 units of Ketodase! were 


1 The enzyme, 8-glucuronidase, used for hydrolysis was obtained from the Warner- 
Chilcott Laboratories, a division of the Warner-Lambert Pharmaceutical Company, 
New York; it is commercially available under the trade name Ketodase. 
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added. After incubation for 5 days at 37° the urine was extracted con- 
tinuously with ether for 48 hours. The ether was washed with dilute 
sodium hydroxide and with water, dried over sodium sulfate, and the sol- 
vent was removed. ‘This is referred to as the enzyme-hydrolyzed fraction. 
The alkali extracts and the water washes were combined with the extracted 
urine and, after neutralization, were made 1 N with sulfuric acid. This 
solution was extracted continuously with ether for 48 hours. A neutral 
extract was obtained as before and was kept separate from the extract 
after enzyme hydrolysis. 


g!. 
84 @ PATIENT S ° 
& 20 
S 5 10 18 20 25 30 35 40 5 10 15 20 25 30 
TIME IN HOURS TIME IN HOURS 
Fig. 2 Fia. 3 


Fic. 2. Cumulative excretion of radioactivity by Patients S and F after intra- 
venous infusion of 118-hydroxy-A‘-androstene-3, 17-dione. 

Fic. 3. Rate of urinary excretion of radioactivity derived from 116-hydroxy-dA‘- 
androstene-3,17-dione (Patient 8S). The two principal component rates have T} = 
1.5 hours and T} = 9 hours. 


“Free” urinary steroids were separated from a portion of the urine by a 
partition between sodium carbonate solution and chloroform by the method 
of DeCourcy and Gray (6). The radioactivity in the chloroform extract is 
referred to as the ‘‘free’’ urinary steroids. The percentages of ‘‘free” 
urinary steroids obtained from the first half hour urine collection and the 
combined 7th to 24th hour urines from Patient S were 7 per cent and 1 
per cent, respectively. For the first half hour urine sample from Patient 
TF, the value was 2 per cent. 

The urine collections were combined as follows: 50 per cent of each urine 
collection made during the Ist day from Patient S was combined to give a 
representative 24 hour sample. The remaining half of the collections was 
combined into three portions representing the first 4 hours, the next 2 
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hours, and the last 18 hours of the lst day. With Patient F, the urine 
collections were pooled into three portions, representing the 1st 4 hours, 
the next 2 hours, and the last 18 hours of the Ist day. Generally satis- 
factory hydrolysis of the conjugates was obtained (Figs. 4 and 5). The 
fraction of the total urinary radioactivity found in the enzyme-hydrolyzed 
neutral extract declined with time in both cases. Further, the represen- 
tative 24 hour urine sample gave a lower recovery of neutral radioactivity 
upon hydrolysis than the combined recovery obtained on separate hydroly- 


4a “s 44444 

444044 “+4 
444 


447 
"ty 


Fia. 4 Fia. 5 


Fic. 4. Hydrolysis of urinary conjugates; Patient S. The hatched areas indicate 
the urinary radioactivity that was ether-soluble after incubation with 8-glucuroni- 
dase; the solid areas, the same after subsequent acidification to 1 N and continuous 
ether extraction. The total radioactivity in each specimen was as follows: Ist to 
4th hour, 620,000 c.p.m.; 5th and 6th hours, 82,000 c.p.m.; 7th to 24th hour, 98,000 
¢.p.m.; composite 24 hours, 760,000 ¢.p.m. 

Fic. 5. Hydrolysis of urinary conjugates; Patient F. The hatched areas indicate 
the urinary radioactivity that was ether-soluble after incubation with 8-glucuroni- 
dase; the solid areas, the same after subsequent acidification to 1 N and continuous 
ether extraction. The total radioactivity in each specimen was as follows: Ist to 
4th hour, 567,000 c.p.m.; 5th and 6th hours, 87,000 c.p.m.; 7th to 24th hour, 77,000 
¢.p.m. 


sis of the three smaller urine pools. The most reasonable explanation is 
the presence of enzyme inhibitors in the later urine samples. 

One collection from each patient was selected for detailed study by 
reverse isotopic dilution analysis. For Patient S the representative 24 
hour collection was chosen. For Patient F the extract from the Ist 4 
hour urine was used. This portion should be quite comparable with the 
collection from Patient S, since it contained 81 per cent of the total radio- 
activity obtained in the neutral extract during the Ist 24 hours. The other 
extracts were quantitatively chromatographed on paper for determination 
of the major metabolites (Figs. 6 and 7). For this purpose suitable por- 
tions of each extract were applied to a paper and chromatographed with 
the system toluene-propylene glycol. After separation of the components 
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the papers were dried and examined qualitatively for radioactivity in a 
flow gas strip counter. The areas corresponding to the separate metabo- 
lites were extracted with chloroform and the extracts were counted. Ap- 
propriate controls indicated that the accuracy of this procedure was ap- 
proximately +20 per cent. The results with extracts studied in this way 
afford us a good indication of the true composition, but are in no wise as 
accurate or specific as those obtained by reverse isotopic dilution. Since 
only a small percentage of the total metabolites was so estimated, there 
would be no essential change in the results whether these values were in- 
cluded or excluded. 

Analysis for urinary metabolites was made by reverse isotopic dilution. 
For this purpose, known amounts of carrier steroids were added to a por- 
tion of the enzyme-hydrolyzed urine extract. The extract plus carrier was 
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Fia. 6. Isolation of metabolites by paper chromatography; Patient S. The roman 
numerals refer to the compounds formulated in Fig. 1. Per cent refers to the neutral 
radioactivity after hydrolysis with 6-glucuronidase. 

Fic. 7. Isolation of metabolites by paper chromatography; Patient F. The 
roman numerals refer to the compounds formulated in Fig. 1. Per cent refers to the 
neutral radioactivity after hydrolysis with 6-glucuronidase. 


then separated by column partition chromatography and the various 
eluates were examined by infrared spectrometry. The individual com- 
pounds so obtained were carefully recrystallized to constant specific 
activity upon successive crystallizations. From the weight of carrier 
added, the measured specific activity of the purified product, and the 
fraction of the total extract taken for analysis, the percentage of the 
total radioactivity present as each compound was calculated. A detailed 
example is given below. For efficient operation and most accurate results 
it was found preferable to carry out the isolation after the addition of only 
two carrier compounds to the extracts. Although it is possible to examine 
more than two compounds in a single chromatogram, there is no particular 
saving in time over the procedure employed in these studies. The follow- 
ing compounds were studied as possible metabolites by reverse isotopic 
dilution: 3a,118-dihydroxyandrostane-17-one (III), 3a-hydroxyetiocho- 
lane-11,17-dione (IV), 3a,118-dihydroxyetiocholane-17-one (II), 3a- 
hydroxyandrostane-11,17-dione (V), 3a-hydroxyandrostane - 17 - one, 
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3a-hydroxyetiocholane - 17-one, 38, 118-dihydroxyandrostane - 17 - one, 36,- 
118 ,dihydroxyetiocholane-17-one, 3a,118,178-androstanetriol, and 3a,- 
118-176-etiocholanetriol. All of the compounds were analytically pure. 


TABLE I 


Reverse Isotopic Dilution Analysis of Neutral Urinary 
Steroids in Enzyme-Hydrolyzed Fraction 


Total 
Compound Nearrier | activity | activity im neutra 
Patient S 
| tm | 
3a-Hydroxyandrostane-17-one..........| 35.9 7 0.26 52 0.5 
3a-Hydroxyetiocholane-17-one......... 40.6 5 0.20 52 0.4 
3a,118-Dihydroxyandrostane-17-one....| 39.1 1440 56.3 101 56.0 
3a,118-Dihydroxyetiocholane-17-one...| 31.3 192 6.0 101 6.0 
3a-Hydroxyandrostane-11,17-dione..... 26.9 103 2.8 101 2.8 
3a-Hydroxyetiocholane-11,17-dione....| 23.4 565 13.2 101 | 13.1 
38,118-Dihydroxyandrostane-17-one....| 31.2 18 0.25 50 1.0 
38,118-Dihydroxyetiocholane-17-one...| 34.0 | 0 0 50 0 
3a,118,178-Etiocholanetriol............ 28.3 0 0 50 0 
Patient F 
3a-Hydroxyandrostane-l7-one..........| 37.8 7 0.27 110 0.3 
3a-Hydroxyetiocholane-17-one......... 37.0 0 0 110 0 
3a, 118-Dihydroxyandrostane-17-one....| 35.9 885 31.8 54 59.0 
3a,118-Dihydroxyetiocholane-17-one...| 37.3 67 2.5 54 4.6 
3a-Hydroxyandrostane-11,17-dione.... . 25.0 86 2.1 ot 4.0 
3a-Hydroxyetiocholane-11,17-dione....| 25.2 188 4.7 54 8.8 
38,118-Dihydroxyandrostane-17-one....| 28.6 12 0.34 54 0.6 
38,118-Dihydroxyetiocholane-17-one...| 37.6 0 0 54 0 
3a,118,178-Etiocholanetriol............ 28.0 0 0 54 0 
3a,118,178-Androstanetriol............ 16.0 0 0 54 0 


The following example is illustrative of the procedure and calculations 
used for the analysis by reverse isotopic dilution. 23.4 mg. of 3a-hydroxy- 
etiocholane-11 , 17-dione (1V) and 31.3 mg. of 3a, 118-dihydroxyetiocholane- 
17-one (II) were added to an aliquot of the representative 24 hour urine 
extract from Patient S containing 101,000 c.pan. The mixture was 
dissolved in 1 per cent ethanol in methylene chloride and applied to a column 
made with 40 gm. of silica gel. The column was developed with 2 per 
cent ethanol in methylene chloride. The eluates containing the added 
carrier compounds, as judged by infrared spectrometry, were combined 
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and counted. The crude (IV) containing 47,000 c.p.m. was recrystallized 
from acetone-petroleum ether until the specific activity was constant 
(542, 585, and 567 c.p.m. per mg., respectively) after successive crystal- 
lizations. The melting point of the products was 184—-186°. From the 
average specific activity, 565 c.p.m. per mg., and the amount of the carrier 
added, 23.4 mg., the total activity present as 3a-hydroxyetiocholane-11 , 17- 
dione was 23.4 X 565 = 13,200 c.p.m. or 13 per cent of the radioactivity 
in the neutral fraction. 

The crude (II) containing 40,000 c.p.m. was recrystallized from acetone- 
petroleum ether until the specific activity was constant (189, 184, and 202 
¢.p.m. per mg., respectively) after successive crystallizations. The melting 
point of the products was 241—242°. From the average specific activity, 
192 c.p.m. per mg., and the amount of carrier added, 31.3 mg., the total 
activity present as 3a, 118-dihydroxyetiocholane-17-one was 31.3 K 192 = 
6000 c.p.m. or 6 per cent of the radioactivity in the neutral fraction. 

Table I gives the specific activity after purification to radiochemical 
homogeneity of each of the compounds examined, and the percentage of the 
neutral radioactivity represented by each metabolite. It should be noted 
that the percentage recovered in the neutral enzyme-hydrolyzed fraction 
corresponds closely to the per cent of the dose administered, since the 
recovery of radioactivity in the urine was essentially quantitative and the 
hydrolysis of the conjugated metabolites was in excess of 80 per cent. 

Reverse isotopic analysis of the 55 minute ‘‘conjugated”’ blood steroid frac- 
tion, containing 6400 c.p.m., was carried out with 25.2 mg. of (1) and 30.6 
mg. of A‘: *"!-androstadiene-3 , 17-dione as carriers. The compounds were 
isolated by the procedure described above. Both were devoid of radio- 
activity. 

Analysis of the ‘“‘free’’ urinary steroid from the first half-hour urine of 
Patient S by the same procedure established the absence of the administered 
hormone in this extract. 


DISCUSSION 


The results of this study permit an estimation of the daily secretion of 
118-hydroxy-A‘-androstene-3 , 17-dione (1) by the adrenals of the normal 
human based on the amount of the principal metabolite. The urine of 
normal people contains approximately 1 mg. of 3a, 118-dihydroxyandros- 
tane-17-one (III) per 24 hours (7, 8). If it be assumed that this is formed 
only from (I), then the amount in urine represents about half the pre- 
cursor steroid. It is, therefore, evident that the daily production of (I) 
is approximately 2 mg. per day. This is a maximal estimate since it is 
based on the assumption that only one hormone is the precursor. It can 
be noted, however, that only a very small fraction of hydrocortisone is 
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metabolized to (III);? cortisone similarly (9) yields little (III); other ster- 
oids lacking a C-17 hydroxyl group, e.g. corticosterone, are implausible 
precursors of the metabolite. The estimated secretion is thus a reasonable 
one. 

In some types of adrenal abnormality, especially the virilizing syndrome, 
the production of (III) and, by inference, 118-hydroxy-A‘-androstene-3 , 17- 
dione, may reach rather large proportions (10). Similarly, after stimula- 
tion of the human adrenal by ACTH, (III) is markedly increased (8, 11). 
In view of the conclusions drawn about precursor and metabolite from the 
present study, it would appear to be of great interest to explore the biologi- 
cal activity of (1) in order to ascertain what part this hormone plays in 
the physiological response to ACTH, either administered or produced in 
excess under pathological conditions. 

This investigation may be compared with the studies seiaiil by Savard, 
Burstein, Rosenkrantz, and Dorfman (12) of the metabolism and fate of 
adrenosterone. Whereas in the present study it has been demonstrated 
that over 80 per cent of the dose administered was isolated as four related 
17-ketosteroids, only about one-tenth that amount was isolated as the 
same four end products from adrenosterone. The details of the studies, 
however, vitiate too close comparison with respect to yield. While 
adrenosterone was injected intramuscularly in an amount of 1 gm., the 
fate of 118-hydroxy-A‘-androstene-3,17-dione was examined after the 
intravenous injection of a tracer dose. The quantitative measurement and 
identification of the end products of adrenosterone metabolism were 
achieved by conventional isolation technique, whereas in the present study 
the use of isotopic tracer methodology provided a theoretically unobjection- 
able approach to both quantitative measurement and _ identification. 
Moreover, in the present study it was possible to measure precisely both 
the amount of hormone administered and the percentage recovery in the 
urine, so that no assumption about absorption from intramuscular depots 
was necessary, as must be the case in the investigation of adrenosterone. 
Because of these facts, there is no criterion by which one may examine the 
relative proportions of the metabolites studied, although there is a superfi- 
cial resemblance. This appears from the ratio 56:5a = 0.19, which is 
similar to the value for this ratio in the present study. Since consideration 
of the great disparity in yield is so significant for these comparisons, it 
appears pertinent to note the resemblance but to reserve closer contrast. 
Because of the interest which has been attached to other calculations based 
on these ratios, however, it would seem highly desirable to have a more 
definitive study of adrenosterone for comparison with 118-hydroxy-A‘- 
androstene-3 , 17-dione. 


? Personal communication of unpublished results of Fukushima and coworkers. 
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Considerable significance can be attached to what may be regarded as a 
negative aspect of this study of 118-hydroxy-A‘-androstene-3 , 17-dione. 
This is the fact that a steroid throughout its biological transformation 
retained all the oxygen originally attached to the steroid nucleus. There 
is no evidence that any appreciable amount was converted to 11-deoxy 
metabolites among which 3a-hydroxyandrostane-17-one and 3a-hydroxy- 
etiocholane-17-one would be the most favorable possibilities. The rigid 
criteria provided by the use of isotopic hormones make this conclusion 
very certain. It seems justified, therefore, to conclude that all 11-oxy- 
genated hormones will appear in urine as compounds in which the 11-oxygen 
atom has been retained, regardless of other transformations in the mole- 
cule. Thus a sound basis is established for the interpretation that the 
urinary 11-deoxysteroids have their origin in precursors which similarly 
lacked the 1l-oxygen function. Because the 11-deoxysteroid excretion 
of normal human subjects is substantial in amount and more susceptible 
to alteration in health and disease (7, 8, 13), the fact that these compounds 
are not biochemically derived from 11-oxygenated hormones is an impor- 
tant fact in the interpretation of the physiological or pathological signifi- 
cance of these changes. 

The metabolism and fate of (I) in man may be compared with hydro- 
cortisone, for both present certain interesting similarities as well as con- 
trasts. Both hormones are similar in that each is rapidly subjected to 
chemical transformation, conjugation, and excretion in the urine. The 
chemical course of transformation is chiefly reduction and 3a-hydroxy- 
steroids are the principal end products of metabolism. In the human 
species gastrointestinal elimination of either of these hormones or their 
metabolites is minimal. Within this area of similarity, however, sharp 
differences are evident between the two compounds. Thus, in spite of the 
essentially quantitative elimination of the metabolites of both compounds, 
the rate at which these processes are accomplished is materially different. 
Metabolites of (I) appear in the urine faster than those derived from 
hydrocortisone so that cumulative excretion after 118-hydroxy-A‘-andros- 
tene-3 ,17-dione amounts to 80 per cent of the dose in 6 hours compared 
with 57 per cent in 6 hours for hydrocortisone. The rates of excretion 
also differ markedly (Fig. 8). Moreover, the mechanism of transport of 
the two hormones appears to be different. With (1), there was a relatively 
high level of radioactivity present in the blood stream during the first 
hours after administration of a tracer amount of hormone. In contrast, 
hydrocortisone and its metabolites rapidly disappeared from blood so that 
within a comparable time interval only traces are present in the circulation 
(5). Despite this difference, the major portion of each hormone had al- 
ready undergone biochemical alteration. Thus, at the end of the Ist 
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hour 87 per cent of the radioactivity present in the blood, and which had 
been administered as hydrocortisone, was in the form of compounds other 
than material injected (5). There was no evidence for the existence of 
unchanged 118-hydroxy-A‘-androstene-3 , 17-dione in the blood in the pres- 
ent investigation. The compound would have been readily demonstrable 
by the methods used had it constituted any appreciable: portion of the 
blood radioactivity. In view of these facts, a major difference between 
(I) and hydrocortisone is the distribution of metabolites, and this 
difference may be implicated in the excretion pattern of the two steroids. 

In a more strictly biochemical sense, the contrast between these hor- 
mones is most striking. (I) is changed principally to a saturated derivative 


TIME IN HOURS 
Fic. 8. Comparison of the rates of urinary excretion of radioactivity derived 
from 118-hydroxy-A‘-androstene-3,17-dione-4-C'* and from hydrocortisone-4-C'. 


of the androstane series, whereas hydrocortisone, to judge from the metabo- 
lites known at the present time, yields chiefly saturated steroids of the 
pregnane (etiocholane) series. The contrast is by no means limited to 
the chemical structure of the principal end products but is evident in the 
number and amount of metabolites. While hydrocortisone is metabo- 
lized to an array of at least ten steroids, (I) was changed more simply. 
One compound, 3a,118-dihydroxyandrostane-17-one (III), represented 
56 to 59 per cent of the radioactivity in the neutral extract of each subject, 
whereas an additional 17 to 20 per cent of the neutral extract was accounted 
for as the three other compounds in Fig. 1. 

These highly meaningful facts provide an intriguing problem for in- 
terpretation. Do the multitude of products obtained from hydrocortisone 
in a chemical sense reflect the numerous tissues in which that hormone 
has marked biological action? In the event that an affirmative answer 
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is given to this question, do the smaller number of metabolites obtained | 


from 118-hydroxy-A‘-androstene-3 , 17-dione suggest a more limited biologi- 
cal action? Or are the divergences simply the variation in metabolism 
that might be expected from two different compounds with a formal simi- 
larity? Before speculation on these points can be productive, however, 
it is apparent that much more fundamental information is necessary. 

Several years ago, Dorfman (14) developed a set of equations designed 
to yield information on the following problems of steroid hormone metabo- 
lism: (a) How much of the urinary 1l-oxygenated 17-ketosteroids were 
derived on the one hand from the C2 steroids, hydrocortisone and cortisone, 
and, on the other hand, how much from the Cy hormones, adrenosterone 
and 118-hydroxy-A‘-androstene-3 , 17-dione; (b) the amount of the hormones 
secreted by the gland as estimated from the 11l-oxygenated steroids found 
in the urine. 

In order to obtain reliable information for the use of these equations with 
particular reference to 17-ketosteroids, it is necessary to have an accurate 
estimate of the following: (1) the relative proportion (58:5a) of all the 
urinary metabolites derived from this same hormone; and (2) the amount 
of each metabolite derived from an individual hormonal precursor. As 
a corollary of these prerequisites, in order to apply the method to a specific 
instance, it must further be assumed that (1) and (2) are applicable to all 
subjects under either normal or abnormal circumstances. 

In so far as the first postulate is concerned, our knowledge is limited. 
It is apparent that such factors as size of dose, route of administration, 
and the like may be as significant in the determination of isomeric ratio 
as they are in their effect upon the yield of any metabolites. Moreover, 
it has been shown that these ratios varied with time after the administra- 
tion of a hormone (15) and that the ratio may be altered with disease or 
affected by the administration of another hormone (16). 

At this stage, information about (2) is fragmentary. Few hormones 
have been studied under sufficiently different conditions to be assured of 
an invariably accurate estimate of the amount of any given metabolites 
formed from the hormone. Of particular importance is the fact that, for 
the hormones studied, many have been given by various routes of adminis- 
tration with attendant difficulties of interpretation with respect to yield. 
Moreover, the influence of the size of the dose, whether tracer or pharma- 
cological, has not been adequately studied. For these and other reasons 
which need not be considered in detail, it is our belief that only an approxi- 
mation can be made for (2). 

In view of these uncertainties, it can be concluded that, while Dorfman’s 
method of analysis provides a highly interesting and novel approach to an 
important problem, the application of these theoretical considerations is 
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severely limited at the present time. Bush (17) has reached similar 
conclusions. In addition, it would appear that a more satisfactory solu- 
tion with fewer assumptions would be provided by the use of data obtained 
after the administration of tracer doses of isotopically labeled hormones 
in the manner employed in the present study and in earlier investigations. 
With this recommendation the assumptions implied in the corollary of 
Dorfman’s hypothesis are equally applicable. 


SUMMARY 


The metabolism and transport of 118-hydroxy-A‘-androstene-3 , 17- 
dione-4-C' (I) have been studied in human subjects. The metabolites 
of this steroid are quantitatively excreted in the urine within 24 hours at 
a faster rate than that found for hydrocortisone, testosterone, or estradiol. 
Reverse isotopic dilution analysis established that four compounds, 3a, 11£- 
dihydroxyandrostane-17-one (III), 3a,118-dihydroxyetiocholane-17-one 
(II), 3a-hydroxyandrostane-11,17-dione (V), and 3a-hydroxyetiocholane- 
11,17-dione (IV), accounted for 80 per cent of the neutral urinary metabo- 
lites, with (III) the major component. Six other compounds were exam- 
ined by the same technique of reverse isotopic dilution. These were 
38, 118-dihydroxyandrostane-17-one, 38, 118-dihydroxyetiocholane-17-one, 
androstane-3a, 118, 178-triol, etiocholane-3a, 118, 178-triol, 3a-hydroxy- 
androstane-17-one, and 3a-hydroxyetiocholane-17-one. All were found 
to be virtually devoid of radioactivity and are therefore not significant 
metabolites of (1). The conclusion was drawn that the oxygen atom at 
C-11 is retained throughout the biochemical transformation of (I). The 
results permit an estimation of a maximal value of 2 mg. for the daily 
secretion of (I) by the adrenal glands of humans. The limitations of 
earlier approaches to the estimation of the secretion of steroid hormones 
are discussed and evaluated. 


The authors take this opportunity to acknowledge the invaluable co- 
operation of their colleague, Dr. Leon Hellman, without whose efforts 
this study would not have been made possible. We are indebted to Dr. 
David K. Fukushima and Dr. Ivan I. Salamon, who supplied some of the 
steroids used for the reverse isotopic dilution. We are grateful to Miss 
Ruth Jandorek and Miss Sophia Lensky for technical assistance. 
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2-METHOXYESTRONE, A NEW METABOLITE 
OF ESTRADIOL-1768 IN MAN* 


By 8S. KRAYCHYf anp T. F. GALLAGHER 
(From the Sloan-Kettering Institute for Cancer Research, New York, New York) 


(Received for publication, July 2, 1957) 


Further study of the metabolism of estradiol and estrone in humans 
has revealed that among the products of biochemical transformation is 
the hitherto undescribed compound 2-methoxyestrone (1). While the 
introduction of oxygen into hormone molecules during their passage 
through the animal body is an anticipated biochemical alteration, both 
the site of oxidation and the methylation of newly introduced oxygen are 
novel. Further study of the factors involved in the formation of these 
and similar compounds may contribute significantly to our knowledge of 
hormone metabolism; the type of transformation observed seems pertinent 
as well to other immediately unrelated areas of biochemistry. 

The studies that culminated in the isolation of this interesting metabo- 
lite were initiated by the observation that, after administration of tracer 
or pharmacological doses of either estrone-16-C™ or estradiol-178-16-C%, 
a peak of radioactivity invariably preceded estrone in the countercurrent 
distribution of the urinary metabolites (Fig. 1). In the system 70 per cent 
aqueous methanol-carbon tetrachloride, this peak of radioactivity had 
K = 0.30 and was thus less polar than estrone with K = 1.31. The 
solubility in alkali indicated that the radioactivity associated with the 
unknown metabolite was in a phenolic compound. Since all the radio- 
activity of this peak appeared in the ‘‘ketonic” fraction after separation 
by means of Girard’s Reagent T, the conclusion was drawn that the 
unknown material contained a reactive carbonyl group. Synthesis of 
3-hydroxy-A! 3:5" estratriene-16-one (2) and comparison of its distribu- 
tion in the same system revealed that the radioactivity was not associated 
with this compound. At this stage it was evident that identification of 
the metabolite demanded isolation and characterization by conventional 
means. 

A feasible expedient toward this end was the administration of a rela- 
tively large amount of estradiol to a suitably chosen human subject with 


* This investigation was supported in part by a grant from the American Cancer 
Society and a research grant (No. CY 3207) from the National Cancer Institute, 
National Institutes of Health, United States Public Health Service. 

t Present address, G. D. Searle and Company, Chicago, Illinois. 
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subsequent isolation of the unidentified material from the urine. 1 gm. 
of weakly radioactive estradiol-178-16-C"™ was given intramuscularly toa 
woman with breast ~“ncer over a period of 10 days and, after hydrolysis 
and fractionation, it proved possible to isolate from the urine 19 mg. of 
essentially pure product together with a lesser amount of slightly impure 
material. The specific activity showed that the compound was a metabo- 
lite of estradiol. Elementary analysis revealed the presence of an addi- 
tional atom of oxygen together with 1 more carbon and 2 more hydrogen 
atoms than are present in estrone. 

The assumption was made that neither of the oxygen atoms of estradiol 


had been lost during metabolism. The analysis was interpreted in view of | 
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2 
Fic. 1. Countercurrent distribution of an extract of human urine after adminis- 


tration of estradiol-178-16-C". 
Fic. 2. Absorption spectra of estrone and 2-methoxyestrone in ethanol. 


this presumption to mean that a methoxyl group had been inserted into 
estrone. The spectroscopic evidence obtained with the pure metabolite 
supported this conclusion and suggested further that the substitution was 
in ring A. The absorption in the ultraviolet region (Fig. 2) showed that 
there was an aromatic ring present, that additional unsaturation in conju- 
gation with this ring could be excluded, and, most important of all, that 
there was some modification of the phenolic chromophore. The evidence 
from infrared spectrometry supported and extended these conclusions. 
The spectrum in carbon tetrachloride solution exhibited a band at 1743 
cm.~' which indicated the presence of a carbonyl group in a 5-membered 
ring. The band at 1409 cm.—' was evidence that there was an unsubsti- 
tuted methylene group next to the carbonyl. The existence of a hydroxy! 
group was confirmed by a band at 3560 cm.—', while the aromatic ring 
was revealed by the C=C stretching absorption at 1508 and 1503 em.—. 
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There was a prominent band at 874 cm.—' in carbon disulfide solution which 
was interpreted as resulting from the out of plane C—H deformations of 
isolated hydrogens in the aromatic ring. 

The quantitative Zimmermann reaction showed that the new compound 
formed a chromogen with the characteristic color of 17-ketosteroids and 
according to weight was the equivalent of 96 per cent of dehydroisoandros- 
terone. Therefore, with a high degree of probability the carbonyl in the 5- 
membered ring shown by the infrared spectrum was a C-17 ketone. For- 
mation of a monoacetate with the correct analysis was further confirmation 
of the presence of a hydroxyl group and the spectral properties of this 
derivative were in agreement with all the other facts. Taken together, 
the physical and chemical evidence was almost conclusive that the metabo- 
lite was either the 2- or 3-methy] ether of the catechol derived from estrone. 

Therefore the four possible monomethyl ethers of 2- and 4-hydroxy- 
estrone were synthesized for comparison. The metabolite and 2-methoxy- 


ScHEME 


estrone, prepared by the reactions formulated in Scheme 1, were identical 
in all respects; the other three synthetic products, the detailed synthesis of 
which will be described elsewhere, were different from the metabolite. 
Since the synthesis was apparently unobjectionable, the structure of the 
newly isolated derivative of the estrogenic hormone was complete in all 
details. 

Some properties of the new metabolite are of interest in connection 
with tests commonly employed for estrogens and their metabolites. 2- 
Methoxyestrone does not exhibit fluorescence in the presence of sulfuric 
acid. The compound does, however, give the Kober reaction and, as 
mentioned, exhibits a typical color in the Zimmermann reaction for 17- 
ketosteroids. Because the compound is a very weak phenol, a portion of 
it remains in the ‘‘neutral fraction” even after partition between aqueous 
alkali and toluene as in the procedure of Engel (3). Isolation of 2-methoxy- 
estrone from the ‘‘neutral fraction’’ has been achieved by Dr. Jack Fishman 
in these laboratories.'. This explains in part the observation of Beer and 
Gallagher (4, 5) that a small amount of radioactivity remained in the 


! Personal communication. 
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neutral fraction after this type of separation and confirms their doubt 
that the radioactivity was in actuality associated with a neutral compound. 
2-Methoxyestrone is a very weak estrogen with an activity of less than 
1/20,000th that of estradiol-178 as judged by the intravaginal assay of 
Emmens (6). 

It should be noted that a peak of radioactivity has been observed about 
tube 23 in the countercurrent distribution of urinary metabolites after 
either oral, intravenous, or intramuscular administration of estrone-C" 
as well as estradiol-C™ in other experiments. Moreover, radioactivity in 
the same area of the distribution has been observed when the urine has been 
subjected to vigorous treatment with boiling acid rather than the enzy- 
matic hydrolysis of conjugates employed in the present study. These and 
other facts considered in the ‘‘Discussion” lead us to the conclusion that 
2-methoxyestrone is an invariable metabolite of the estrogenic hormone in 
human subjects. 


EXPERIMENTAL 


Isolation of 2-Methoxyestrone—A 57 year-old woman with breast cancer 
was injected intramuscularly with a total of 1 gm. of estradiol-178-16-C" 
in equal divided doses over a period of 10 days. The hormone administered 
was dissolved in sesame oil-benzyl alcohol and had a specific activity 
of 191 ¢.p.m. per mg. Each day’s urine was treated separately with 
6-glucuronidase? at pH 5 and 37°, and at the end of 5 days incubation 
was extracted continuously with ether after acidification to pH 1. The 
extract from each daily sample was separated into phenolic, acidic, and 
neutral components by methods that have previously been described (4). 
The phenolic fractions from the urine samples of 15 days after the initiation 
of estradiol injections were combined and contained 82,500 c.p.m. Sep- 
aration by means of Girard’s Reagent T yielded 615 mg. (45,500 c.p.m.) 
in the ketonic fraction. This fraction was separated by a 100 tube counter- 
current distribution in the solvent system 70 per cent aqueous methanol- 
carbon tetrachloride. Together with 159 mg. of estrone there were 51 
mg. of material distributed through tubes 16 to 32 with a peak of radio- 
activity at tube 23. This material was combined and recrystallized from 
methanol and from aqueous methanol to yield two crops of products; 
19 mg., m.p. 182-189°, and 16 mg., m.p. 175-184°. The analytical sample 
crystallized as platelets and melted at 187—189.5°; [a]2® +179° (methanol); 
specific activity = 175 c.p.m. per mg. (calculated 172); Amax 284.5 to 288.5 
my (e€ = 4000) Amin 254 my (€ = 420) in ethanol. 


2 The enzyme, 8-glucuronidase, used for hydrolysis was obtained from the Warner- 
Chilcott Laboratories, a division of Warner-Lambert Pharmaceutical Company, 
New York; it is commercially available under the trade name of Ketodase. 
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Ci.H2,O3. Calculated, C 75.97, H 8.05; found, C 75.82, H 8.40 


The substance moved about 32 cm. from the origin as a single spot on paper 
in the system chloroform-formamide, while estrone, chromatographed 
simultaneously, appeared about 6 cm. from the origin. The materials 
were rendered visible with ferric chloride and potassium ferricyanide; 
2-methoxyestrone gave an initial green color which turned blue after the 
paper was dried; estrone exhibited a blue color immediately. 
2-Methoxyestrone Acetate—2-Methoxyestrone acetate was obtained by 
crystallization from ethyl acetate-petroleum ether after treatment of 
2-methoxyestrone with pyridine and acetic anhydride at room temperature. 
The product melted at 152-153.5°; Amax 278 my (€ = 2360); inflex. 281 mu 
(e = 2300), inflex. 287 mu (€ = 2050); Amin 249 my (€ = 1040) in ethanol. 


Co:H26O,. Calculated, C 73.66, H 7.65; found, C 73.29, H 7.93 


The infrared spectrum in carbon disulfide solution exhibited bands at 1770 
(phenolic acetate), 1743 (C-17 ketone), 1409 (unsubstituted methylene at 
C-16), 1375 (C-18 methyl group), 1370 (acetate methyl group), and 1198 
(acetate C—O stretching) cm.—. 

2- and 4-Nitroestrones—The products obtained by nitration of estrone 
were essentially the same as those described by Werbin and Holoway (7). 
We were aware of unpublished studies of G. C. Mueller and M. E. 
Mills (Mrs. Stephen Kraychy) on the nitration of estrone at the time 
our studies were initiated.* 

2-M ethoxyestrone—A solution of 1.12 gm. of 2-nitroestrone in a mixture 
of 230 ml. of acetone, 100 ml. of water, and 50 ml. of 1 N sodium hydroxide 
solution was treated with 6 gm. of sodium hydrosulfite and heated under 
reflux with stirring for 10 minutes. An additional 50 ml. of alkali and 4 
gm. of sodium hydrosulfite were added and a reflux with stirring was 
continued for another 20 minutes. During this time the still basic mixture 
turned to a light yellow color. The acetone was removed under reduced 
pressure and the mixture was neutralized with dilute acetic acid. After 
storage in an ice bath for 2.5 hours, the precipitated reduction product was 
filtered and washed well with water.‘ 

The crude 2-aminoestrone was dissolved in 15 ml. of 40 per cent sulfuric 
acid and diazotized at 0—-4° with a solution of 940 mg. of sodium nitrite in 
2 ml. of water, added dropwise with swirling over a period of 5 minutes. 
After standing at 0° for 17 minutes, the mixture was treated with 3 ml. of 


? Personal communication. 

‘ 2-Aminoestrone can be crystallized from dilute methanol by making all manipu- 
lations with nitrogen bubbling through the solution. In this way long tan needles, 
darkening at 220° with no real melting point, were obtained. CisH2;0:N. Calcu- 
ated, C 75.75, H 8.14, N 4.91; found, C 75.62, H 8.04, N 4.67. We are indebted to 
Dr. Jack Fishman for these data. 
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40 per cent aqueous solution of urea and, after a further 5 minutes at 0° 
it was added to 800 ml. of ice-cold methanol in a 2 liter beaker. The 
mixture was stirred and irradiated with ultraviolet light at 0° for 5 hours 
(8). The solution was neutralized with 40 per cent potassium hydroxide 
solution and concentrated to a volume of approximately 100 ml. under 
diminished pressure. Water was added and, after acidification, the mix. 
ture was extracted thoroughly with ether. The ether solution was ex- 


tracted several times with 5 per cent potassium hydroxide solution, washed | 


with water, dried, and evaporated to yield 437 mg. of a deep red oil. 


Acidification and extraction of the alkaline layers afforded 556 mg. of af 


brown oil. This material was chromatographed on 60 gm. of silica gel 
with petroleum ether and successively increasing amounts of ethyl acetate. 
The product, 2-methoxyestrone, was eluted with 17 per cent ethyl acetate- 
83 per cent petroleum ether. There were obtained 16 mg. (1.5 per cent), 
m.p. 180—184°, 26 mg. (2.4 per cent), m.p. 165-175°, and 30 mg. (2.8 per 
cent) m.p. 160—165°. 

The analytical sample was obtained by recrystallization from aqueous 
methanol as colorless needles, m.p. 184.5-188.5°; [a]24 +178° (ethanol); 
Amax 284.5 to 288.5 (€ = 3930), Amin 254 (€ = 400) in ethanol. Another 


pure sample (platelets) had m.p. 186.5-189°. There was no difference | 
between the two forms when the infrared spectra were measured in carbon | 


disulfide solution. The spectra will be published in a forthcoming volume 
of an atlas of infrared spectra of steroids (9). 

Upon admixture with the metabolite (m.p. 184-187°) there was no 
depression of the melting point. The distribution coefficient in the solvent 
system 70 per cent methanol-carbon tetrachloride was 0.29. The infrared 
spectra in carbon disulfide solution of the natural product and the syn- 
thetic compound were identical in all respects. 


DISCUSSION 
With the establishment that a methylated ortho-hydroquinone is a 


metabolite of the estrogenic hormone, at least two facts about the bio- | 


chemical transformation of phenolic steroids become very significant. 
The first of these is that oxidation of the aromatic ring is achieved under 
conditions in vivo and this in all probability is a preliminary stage to fission 
of the carbon skeleton. In this respect the reaction would be similar to 


the formation in vivo of 3,4-dihydroxyphenylalanine from tyrosine. The | 
second is that methylation of oxygen, a common reaction in the plant | 


kingdom, has some significance in the animal organism. A recent brief 
report of Armstrong and McMillan (10) describes the O-methylation i 
vivo of 3,4-dihydroxymandelic acid, a metabolite of /-arterenol in man. 


That two such aromatic hormones are similarly altered emphasizes the | 
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endocrine significance of this type of biochemical transformation. Con- 
sidered together with the other evidences of methylation of oxygen by ani- 
mals, the present study may be reasonably interpreted that the metabolism 
of estrone or estradiol is accomplished in two separate stages, 7.e. oxidation 
and subsequent methylation. All of the other presently known facts 
support this conclusion. 

From a variety of studies it now appears to be established that O- 
methylation in vivo by animals is a characteristic metabolic alteration. 
Maclagan and Wilkinson (11, 12) were the first to call attention to this 
possibility in 1951. In the meantime a number of other studies have 
appeared which indicate the rather general nature of this reaction. Thus, 
it has been shown that xanthurenic acid is in part converted to the 8- 
methoxy derivative before excretion in the urine (13). Similarly a number 
of phenolic acids have been observed in urine both spontaneously and 
after the administration of anticipated precursors (14-16). Further, 
Bergmann and Burke (17) have identified 2-methoxyadenosine as a natural 
constituent of sponges. There appear to be certain species differences 
(12, 13) in metabolism with respect to O-methylation, so that at the present 
time generalizations are unwarranted in view of the limited evidence 
available. Nevertheless, it seems beyond dispute that man, at least, is one 
species that has retained this chemical heritage of a reaction which is so 
widespread in the plant kingdom. It may well be, then, that the methoxyl- 
ation of a steroid hormone has greater physiological importance and 
resulted in a more deep seated pharmacological alteration of the properties 
of the hormone than is suggested by the extremely weak estrogenic activity. 
It is hoped that further synthetic work leading to the preparation of re- 
lated hormone derivatives together with adequate biological evaluation 
will bring added significance to this highly interesting biochemical reaction. 


The authors are deeply indebted to their colleagues Dr. Leon Hellman 
and Dr. Barnett Zumoff, who carried out the studies with the patients. 
The measurement and interpretation of the infrared spectra were made by 
Dr. Glyn Roberts, to whom we express our thanks. We are grateful to 
Dr. Ivan Salamon for paper chromatography. The technical assistance of 
Mrs. Rosmarie Lehman, Mr. Jerome Boxer, and Mr. Albert Klutch is grate- 
fully acknowledged. The preliminary extractions and separations were 
under the supervision of Mr. Voldemar Bankers and Miss Ruth Jandorek. 


SUMMARY 


After administration of estradiol-178-16-C' to human subjects, 2- 
methoxyestrone was isolated from urine. The structure of this compound 
was established by synthesis. It was concluded that this novel steroid is 
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a normal metabolite of the estrogenic hormone. Other examples of methyl- 
ation of oxygen by animals are discussed. 
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THE COMPONENT FATTY ACIDS OF NEUROSPORA 
CRASSA LIPIDES* 


By D. TODD, D. STONE, O. HECHTER, anpo A. NUSSBAUMT 


(From the Worcester Foundation for Experimental Biology, 
Shrewsbury, Massachusetts) 


(Received for publication, January 17, 1957) 


During an investigation of the utilization of C-labeled sugar and acetate 
in the biogenesis of ergosterol and fatty acids by the mold Neurospora 
crassa (1), we examined the fatty acid composition of this microorganism. 
Although previous workers have published findings on the ergosterol con- 
tent (2), the carotenoids (3), the phosphatides (4), and fatty acid metab- 
olism (5) in N. crassa, no report on the fatty acid content of the mold has 
yet appeared. Although methods are available for the resolution of fatty 
acid mixtures by the use of column (6) and gas-liquid chromatography (7), 
we have employed a modification of an existing paper chromatographic 
procedure (8) for the small quantities of fatty acids available for our studies. 

Our results show that, of the total fatty acids extracted from N. crassa, 
linoleic plus linolenic acids and palmitic plus stearic acids account for 72 
to 76 per cent and 12 to 15 per cent of the total acids, respectively. 


EXPERIMENTAL 


Wild type N. crassa (strain 74A) was grown on surface culture in 125 
ml. Erlenmeyer flasks containing 30 ml. of medium (9) for 3 to 4 days at 
30°. The growth media contained 2 per cent sucrose and sufficient sodium 
acetate-1-C'™ (100 mg. per 30 ml.) to be in excess throughout the culture 
period. The mycelial pads were harvested and extracted successively 
with hot acetone and ethyl acetate after excess medium had been pressed 
out. 

The solvent extracts were pooled, taken to small volume at low pressure 
under a stream of nitrogen, a technique used in all subsequent evaporations, 
and partitioned between ethyl acetate and water. The ethyl acetate 
extract was dried over anhydrous sodium sulfate and distilled to dryness. 
About 10 mg. of lipides (approximately 10 per cent of the dry mycelial 
weight) were obtained per culture flask. The lipides were saponified 
by being refluxed for 2 to 3 hours in 10 per cent ethanolic KOH. After 
dilution with water, the non-saponifiable material was removed by three 


* This work was supported by a grant from The Commonwealth Fund. 
t Present address, Research Laboratories, Schering Corporation, Bloomfield, New 
Jersey. 
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extractions with 2 volumes of pentane or hexane. The aqueous, alkaline 
fraction was acidified to Congo red with concentrated HCl, and the fatty 
acids were extracted in a similar manner. The organic phase was dried 
over anhydrous sodium sulfate, and taken to dryness. Generally, the 
fatty acid fraction! comprised 30 to 40 per cent of the weight of the total 


lipide fraction. In most of our work, the specific activity of the fatty | 


acid fraction was about 600,000 c.p.m. per mg. as determined by gas flow 
counting at infinite thinness. 

Paper Chromatography—The acids were separated on paper as follows: 
17 X 44 cm. sheets of Whatman No. 1 paper (previously washed in hot 
methanol) were cut to give two 1.5 cm. wide side strips and a 10 cm. cen- 
ter strip; the paper was drawn rapidly through a 20 per cent solution of 
kerosene (b.p. 180—220°) in hexane and pressed as dry as possible three 
times between sheets of filter paper. The acids (1 to 2 mg., in chloroform) 
were applied to the starting line, which was 12 cm. from the upper end of 
the paper, and gave a running length of 32cm. To the guide strips were 


applied 50 to 100 y each of several known acids. The paper was run by © 
the descending technique at 20° with acetic acid-water (9:1 by volume) | 
for the appropriate time (24 to 48 hours), and then dried in a draft of warm © 
air or overnight with no heat applied. From radioactive papers, a central | 


2 cm. strip was cut and counted in 1 cm. steps with an end window coun- 
ter. The location of acids on the guide strips was determined by the copper 
acetate-ferrocyanide color reaction (8), 2 to 3 mm. strips being used. 

The large radioactive Cy, and C2 zones could not be completely sepa- 
rated; furthermore, the small Cig zone could not be separated from the 
Cys zone unless the running time was such that the C2 zone ran off the 
paper. The procedure finally adopted was to run one aliquot of material 
for about 30 hours to obtain a good separation of the C,2 zone, and another 
aliquot about 48 hours for a good separation of the Cig and Cy. zones. 

Although there was considerable variation from paper to paper in the 
rate of running of a given acid, pilot strips which contained known acids 
were always run with the unknown radioactive mixture for identification, 
or in some cases the known acids were added at the edges of the radio- 
active paper and the color test was run on strips cut from the edges. Table 
I gives a composite of the results from four experiments. 

Elution-Hydrogenation of Paper Zones—Although the method can sep- 
arate the saturated acids, varying degrees of unsaturation alter the chro- 
matographic mobilities so that certain combinations of acids will run 


1 Usually, we have chromatographed the total fatty acid content without extrac- 
tion of the free fatty acids before saponification of the total lipides. The free fatty 
acids which may be directly removed from the total lipide extract by cold, dilute, 
aqueous KOH solution comprise approximately 6 to 10 per cent of the total acids. 
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together. To resolve the composition of the several radioactive zones, 
the paper was dried for 10 minutes with a warm air draft and immediately 
counted with an end window counter. After location of the known pilot 
fatty acids by the color test, the appropriate areas of paper were placed 
in 50 ml. glass-stoppered Erlenmeyer flasks, 5 ml. of ethyl acetate and a 


' few mg. of PtO:, were added to each flask, and the air was displaced by 


hydrogen. The flasks were agitated for 1 hour on a rotary shaker, and 


TABLE 
Fatty Acids of N. crassa (Strain 74A)* 


Total fatty acid ra- Fatty acids} identified in each zone 
Biss per cent per cent 
Coo 1.4— 2.0 Erucie acid (C22) 1.4— 2.0 
Cis 2.2— 2.6 Stearic acid (Cis) 2.2- 2.6 
Cis 15 -16.5 Oleic acid (Cis) 4 -5 
Palmitic acid 10 -12 
40 Palmitoleic acid (Ci6) 1.5 
Linoleic acid (Cis) 40 -42 
Che 32 -34 Linolenic acid (Cis) 32 -34 
Hexadecadienoic acid (C;¢) 0.5- 1.0 


* A similar, though not as extensive, study has been carried out with an acetate- 
less mutant of N. crassa (strain ac-3sp). No significant differences were found 
between its fatty acid composition and that of the wild strain (No. 74A). 

t Chromatographic mobility zone in which the saturated acid of a given carbon 
chain runs; e.g., Cig zone refers to the stearic acid zone. 

t The identification of the acids reported here is based solely upon the mobility 
properties in one particular chromatographic system. The various isomers of 
octadecenoic acid, for example, would be expected to behave like oleic acid, so that 
the names given above to the acids simply represent the most likely structures in 
each case. 


the saturated acids were separated by the paper chromatographic method 
(cf. Table I). 

Chemical Determination of Fatty Acid Content; Permanganate Oxidation— 
Bertram oxidation was carried out by the procedure described by Crombie 
et al. (6). When 103 mg. of non-radioactive acids were oxidized and the 
reaction mixture was extracted with hexane, there were obtained 35.3 
mg. of acids, or 34 per cent of the starting weight. Since the saturated 
acids are about 15 per cent of the total, as determined by the chromato- 
graphic studies, this result suggests that a considerable amount of partially 
oxidized material or low molecular weight acids is extractable by hexane 
or pentane. 
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To confirm this, the oxidation was carried out on 63.7 mg. of radioactive 
acids (specific activity about 9000) and 23.9 mg. (37 per cent) of acids of 
specific activity 9150 were similarly isolated. However, when 8900 counts 
of this acid (0.97 mg.) material were run on paper, and the paper was dried 
and extracted in the usual way, there were isolated from the stearic-pal- 
mitic acid area 5200 counts, or 58 per cent of the applied count. This 
would indicate that after Bertram oxidation 21 per cent of the original 
acids still moves in the Cy. and Cys zones. 

Lead Salt Precipitation—The Twitchell method (10) was employed. 
From 182 mg. of non-radioactive acids were obtained 265 mg. of lead salts 
which, upon treatment with cold ether, were divided into 198.7 mg. of 
ether-soluble salts and 61.6 mg. of insoluble salts; the former upon acidifi- 
cation and extraction gave 149.1 mg. or a value of 82 per cent of unsatu- 
rated acids. When 63.7 mg. of acids obtained from another culture were 
put through the same procedure and both the saturated and unsaturated 
acids were processed there were isolated 54.0 mg. (85 per cent) of unsatu- 
rated acids and 9.9 mg. (15 per cent) of saturated acids. 


DISCUSSION 


The separation of small amounts of fatty acids obtained from N. crassa 
(strain 74A) originally cultured in the presence of excess acetate-1-C"™ has 
been accomplished by paper chromatographic procedures. Although this 
method can separate the saturated acids according to their carbon chain 
length, the running rates of the unsaturated acids are dependent not only 
on their chain length but upon their degree of unsaturation. Thus, oleic 
(Cys-monoethenoic) acid runs with palmitic acid (Cjs-saturated), linoleic 
(Cys-dienoic) acid runs with myristic acid (C,-saturated), and linolenic 
(Cys-trienoic) acid runs with lauric acid (C;2-saturated). 

The fatty acids obtained after saponification of the total lipide extract 
have been so separated, and the percentages of the total acid counts which 
corresponded to the various zones determined (Table I). After elution, 
the acids in each zone have been hydrogenated and the resultant saturated 
fatty acids again chromatographed to establish homogeneity of each of 
the zones from the original chromatogram, or to separate the acids of 
different chain lengths which originally ran together in the separate zones. 

By knowing the number of carbon atoms in the acid, and the running 
rate in the non-hydrogenated sample as compared to the known control 
acids, it becomes possible to estimate the constitution of that acid. For 
example, 15 to 16 per cent of the total lipide counts runs with the Cy. zone 
in the primary chromatogram; that is, all of the zone is composed of pal- 
mitic acid (Cys-saturated) or acids of higher chain lengths with various 
amounts of unsaturation. Upon hydrogenation, however, only 10 to 12 
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per cent of the total lipide radioactivity still runs with palmitic acid, and 
the remaining 4 to 5 per cent runs in the stearic (Cis) zone; that is, the 
original zone was composed of palmitic acid plus a Cis-monoethenoic acid. 

Similarly, in this system, linolenic and linoleic acids run at rates cor- 
responding to the Ci2- and Cy-saturated acids respectively. However, 
after hydrogenation, both run in the chromatogram as stearic acid. The 
radioactive acids from N. crassa, originally running in the Ci2 and Cy 
zones, after hydrogenation showed the same rate as stearic acid. 

Although recovery experiments with known C,,-labeled fatty acids were 
not undertaken, we found that in all cases in which the Cy-labeled mix- 
tures were used the total radioactivity in the zones after hydrogenation 
and rechromatography was never significantly different from that eluted 
from the original, single zone before hydrogenation. When a single radio- 
active zone was fractionated in this manner, further hydrogenation of the 
products did not result in any change in their chromatographic character- 
istics. It would, therefore, appear that the method employed results in 
satisfactory separation and recoveries. 

The percentage of the total fatty acid radioactivity for each acid has 
been taken to represent the actual composition of the fatty acid mixture 
on the assumption that the specific activities (counts per minute per mg.) 
of all the component acids are approximately equal. Such an assumption 
involves the hypothesis that the fatty acids isolated have sufficiently long 
carbon chains so that their specific activities are similar, provided that 
they had a common precursor source of constant specific activity. This 
provision is supported by other work? which indicates that both the fatty 
acids and ergosterol of N. crassa are formed from a common (C2) pool. 

The results of the chemical methods of estimating the percentages of 
saturated and unsaturated acids are in agreement with this conclusion. 
Thus, when permanganate oxidation was carried out on the total acids of 
specific activity, 9000 c.p.m. per mg., the saturated acids isolated were 
found to have specific activities of 9150 c.p.m. per mg., a result which 
suggests that the specific activities of both the saturated and unsaturated 
acids at least are the same. Further, after Bertram oxidation, the data 
show that a maximum of 21 per cent of the original acids is saturated acids. 
This is in line with the results obtained from the lead salt precipitation 
of non-radioactive acids, which indicate that about 15 per cent of the total 
acids are saturated. This is the value obtained by the chromatographic 
procedures with radioactive acids (Table I). 

After the primary chromatograms and before hydrogenation, unless 
care is taken to dry the paper rapidly and to minimize exposure of the un- 
saturated acids to air, serious autoxidation losses occur. As would be 


? Stone, D., and Hechter, O., results to be published. 
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expected, these losses increase with the degree of unsaturation in the acid. 
When an aliquot of the total radioactive acids was directly hydrogenated 
and the products were subjected to paper chromatography, the radio- 
activity located in the C22, Cis, and Cis zones was 1.4, 83, and 14 per cent, 
respectively, whereas only 0.8 per cent ran with the solvent front. No 
other zones were detected. Since these are the figures expected (Table I), 
such a result indicates that any loss owing to autoxidation of the unsatu- 
rated fatty acids is negligible when the paper chromatogram is dried quickly 
and eluted and hydrogenated in a single step. 

Although we have based the composition of the fatty acids in our lipide 
extracts solely upon chromatographic characteristics, final proof of their 
identity awaits isolation and chemical identification. In preliminary work 
in which isotope dilution experiments were used to estimate the linolenic 
acid content, the hexabromostearic acid derived from the linolenic acid 
(11) was isolated. The specific activity of the product was approximately 
that to be expected from the linolenic acid content indicated in Table I. 
Of seven microorganisms whose fatty acid makeup has been recorded (12), 
N. crassa contains in its lipides the highest percentage of unsaturated 
acids (83 to 85 per cent) thus far found. Particularly unusual is the large 
amount (32 to 34 per cent) of linolenic acid present, since this acid has 
previously been found at a maximal level of 4.8 per cent in microorganism 
fat. 


SUMMARY 


The composition of Neurospora crassa lipide fatty acids is reported. 
The data were obtained by paper chromatography of the radioactive fatty 
acids isolated after the microorganism was raised in the presence of ace- 
tate-1-C"™. 

A technique for determining the composition of the mixture of acids 
running in any one zone in the above paper system is described. 


We are indebted to Mr. Robert Bibeau, Miss Rhea Dugas, and Miss 
Carol Bruinsma for laboratory assistance, and to Merck and Company, 
Inc., for providing large amounts of non-radioactive N. crassa lipides. 
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AMINO ACID INCORPORATION BY INTACT AND DISRUPTED 
RIBONUCLEOPROTEIN PARTICLES* 


By GEORGE C. WEBSTER 


(From the Department of Agricultural Biochemistry,. 
The Ohio State University, Columbus, Ohio) 


(Received for publication, July 5, 1957) 


Although much has been learned in recent years concerning amino acid 
incorporation into protein, the mechanism of the process has remained 
obscure. This is due partly to the complexity of the problem and partly 
to the lack of experimental systems sufficiently simple and free from ex- 
traneous reactions so that mechanism studies can be performed with 
confidence. The experiments of Littlefield and Keller (2), however, have 
shown that ribonucleoprotein particles from Ehrlich ascites tumor cells 
can incorporate amino acids into their protein in the presence of ATP,! 
Mgt+, guanosine phosphates, and the ‘‘pH 5 proteins” (3) of liver or of 
ascites cells. This finding, together with the apparent simplicity of 
ribonucleoprotein particles from various sources (2, 4, 5), suggests that 
such isolated particles may be particularly suitable for studies on the 
mechanism of amino acid incorporation into protein. 

In view of the limited availability, in quantity, of ascites tumor par- 
ticles, experiments were initiated to determine whether ribonucleoprotein 
particles from other sources are likewise capable of incorporating amino 
acids into protein. It was also of interest to know whether such incorpora- 
tion is similar to that of ascites particles and whether the ribonucleoprotein 
particles can incorporate nucleotides into their ribonucleic acid. As is 
reported in this paper, it has been found that isolated ribonucleoprotein 
particles from yeast (4) and from pea seedlings (5) are indeed able to 
incorporate amino acids into their protein and nucleotides into their 
ribonucleic acid. However, the properties of the incorporation process 
in pea seedling ribonucleoprotein particles differ somewhat from those of 
ascites particles, and the pea seedling particles have the surprising ability 
to catalyze an amino acid-promoted exchange of both pyrophosphate and 
AMP with ATP. In addition, preliminary studies have been made on 


* Supported in part by a grant from the National Science Foundation. Presented 
before the annual meeting of the American Society of Biological Chemists, Chicago, 
Illinois, April, 1957. A preliminary report concerning this investigation has ap- 
peared elsewhere (1). 

' Abbreviations used, ATP, adenosine triphosphate; AMP, adenosine monophos- 
phate. 
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the effects of disruption of the particles on amino acid incorporation and 
related activities. 


EXPERIMENTAL 


3 day-old pea seedlings were detached from their cotyledons, washed in } 


1 per cent sodium dodecyl sulfate, and cut into small pieces. The material 
was cooled to 3° and ground vigorously for about 15 seconds in a mortar 
with 2 volumes of 0.5 M sucrose. The mixture was transferred to a Potter- 
Elvehjem glass homogenizer and ground for an additional 15 seconds. 
The resulting preparation was filtered through cloth and centrifuged at 
40,000 X g for 20 minutes. The sediment was discarded. The super- 
natant solution was centrifuged at 105,000 < g (40,000 r.p.m. in the No. 
40 rotor) for 75 minutes in a Spinco preparative centrifuge. The sediment 
was taken up in a small volume of 0.5 m sucrose and centrifuged for 10 
minutes at 15,000 X g, and the sediment was discarded. The supernatant 
solution, containing the ribonucleoprotein particles in suspension, was 
used without further treatment. Analysis of the preparation revealed 
that in terms of dry weight it contained 40 to 45 per cent of ribonucleic acid 
and 55 to 60 per cent of protein. Ribonucleoprotein particles from yeast 
were prepared essentially by the procedure described by Chao and Schach- 
man (4). The sediment was taken up in about 3 volumes of a buffer 
containing 0.0025 m K2HPQO,, 0.0025 m KH2PO,, 0.001 m MgSQ,, and 
0.00075 m CaCl, a solution which appears (4) to give fairly stable particle 
preparations. Like the pea seedling particles, those from yeast contained 
40 to 45 per cent of ribonucleic acid and 55 to 60 per cent of protein. The 
‘pH 5 proteins” were prepared from both sources by treating the super- 
natant solution from centrifugation at 105,000 X g in the manner described 
by Hoagland et al. (3). 

Acetone powders were prepared from pea seedling ribonucleoprotein 
particles by suspending them three times in a mixture of acetone and solid 
carbon dioxide. The resulting powder was dried in a current of air at 3° 
and stored in a desiccator at —20° until used. Particles were disrupted 
by exposure to sonic vibration for 10 minutes in a Raytheon 10 kc. sonic 
oscillator, by suspension in 1 per cent sodium dodecy] sulfate, or by agita- 
tion in either 0.1 mM sodium pyrophosphate or 0.1 mM sodium ethylenedia- 
minetetraacetate at pH 9.0. 

The reaction mixtures were incubated at 38° for the times indicated in 
the text. Amino acid incorporation into protein was assayed as described 
by Siekevitz (6). Incorporation of adenosine 5’-phosphate into particulate 
ribonucleic acid was measured by preparation of the particles in the manner 
used for assay of amino acid incorporation (6). The particulate ribonucleic 
acid was then hydrolyzed in Nn NaOH for 24 hours. The liberated nucleo- 
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tides were purified by adsorption on and elution from Dowex 1. All 
samples were deposited uniformly on glass planchets and assayed for 
radioactivity with a Nuclear model D-47 gas flow counter and standard 
scaling circuit. 

Salt-free hydroxylamine was prepared by mixing equal molarities of 
hydroxylamine hydrochloride and NaOH in methanol. -The resulting 
NaCl was removed by filtration, and the hydroxylamine was precipitated 
with ethyl ether. Amino acid activation was measured by amino acid 
hydroxamate formation as described by Hoagland et al. (3), by using the 
assay method of Schweet (7), or by amino acid-dependent pyrophosphate 
exchange with ATP as described by DeMoss and Novelli (8). Creatine- 
ATP transphosphorylase and P®-ATP were kindly supplied by Dr. J. E. 
Varner and Mr. Robert Bernlohr. P*®-AMP was prepared from P®-ATP 
by hydrolysis with dilute HCl and was isolated by chromatography on a 
Dowex 1 column (9). 


Results 


Both yeast and pea seedling ribonucleoprotein particles fail to incorpo- 
rate measurable amounts of amino acid into protein when incubated with 
the reaction systems employed for amino acid incorporation by ascites 
particles (2), liver microsomes (10), or the sediment of pea seedlings from 
centrifugation at 40,000 X g (11). However, when the concentration of 
both ATP and magnesium ions is lowered considerably, the particles 
readily incorporate amino acids into protein. Table I presents some of 
the requirements for the incorporation of glutamate-C™ into the protein 
of both yeast and pea seedling ribonucleoprotein particles. Similar 
requirements are exhibited for the incorporation of alanine, aspartate, 
glycine, histidine, and leucine. The time-course of incorporation of 
these preparations is very similar to that of ascites tumor ribonucleo- 
protein particles (2). Maximal rates of amino acid incorporation by pea 
seedling particles are obtained with an ATP concentration of 0.1 umole 
per ml. An increase in ATP concentration to 1.0 umole per ml. elicits a 
40 to 60 per cent inhibition of glutamate incorporation into protein, while 
5.0 umoles of ATP per ml. produce complete inhibition. In addition, 
maximal rates of incorporation are obtained only if the ratio of ATP to 
magnesium ions is approximately 10:1. Any further increase in magne- 
sium ion concentration is inhibitory. Yeast particles exhibit maximal 
incorporation rates when the ATP concentration is 0.5 umole per ml., 
and the magnesium ion concentration is 0.5 to 1.0 umole per ml. Amino 
acid incorporation by both preparations is enhanced by the presence of 
guanosine 5/-triphosphate or, to a slightly lesser extent, by guanosine 
5’-diphosphate. Guanosine 5’-monophosphate is inactive. The extent 
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of promotion of amino acid incorporation by the added guanosine phos. 
phates is considerably less than has been observed with liver microsomes 
(10) or with ascites tumor particles (2), but this may be due to the presence 
of guanosine phosphates associated with the particles. Furthermore, in 
contrast to the larger particulate fractions of pea seedlings (11, 12), amino 
acid incorporation by the isolated ribonucleoprotein particles is promoted 
only slightly by a mixture of nucleoside 5’-triphosphates or diphosphates 
and is inhibited by other nucleoside or nucleotide mixtures. As might 
be expected, the incorporation of various amino acids (glutamate, alanine, 


TABLE I 


Characteristics of Incorporation of Glutamate-C™ into Protein 
of Isolated Ribonucleoprotein Particles 


System Yeast Pea seedlings 
creatine phosphate............... 18 58 
guanosine triphosphate........... 128 181 


The results are expressed as counts per minute per mg. of protein. The complete 
system contained 50 wmoles of tris(hydroxymethyl)aminomethane-HCl (pH 7.5), 
0.1 umole of potassium ATP, 0.01 wmole of MgSQ,, 5 umoles of creatine phosphate, 
0.1 mg. of crystalline creatine-ATP transphosphorylase, 0.1 umole of guanosine tri- 
phosphate, 10 mg. of ‘‘pH 5 protein,’’ 1 umole of L-glutamate-C" (containing 300,000 
c.p.m.), and 3 mg. of particulate protein in a total volume of 1 ml. The mixtures 
were incubated for 30 minutes at 38°. In the case of omission of Mg*t* from the yeast 
particle reaction system, MgSO, was also omitted from the suspending medium after 
the sedimentation of the particles. 


glycine, leucine) into the protein of both yeast and pea seedling particles 
is inhibited 75 to 100 per cent by 1 mg. per ml. of ribonuclease and by 
0.01 mM concentrations of chloramphenicol, rubidium chloride, or hydroxyl- 
amine. 

In contrast to liver microsomes (3) and ascites tumor particles (2), 
neither the ribonucleoprotein particles from yeast nor those from pea 
seedlings have an absolute requirement for the ‘‘non-particulate” cyto- 
plasmic proteins that precipitate at pH 5. Such protein preparations do 
enhance amino acid incorporation (Table I), but the promotion of incor- 
poration by pea seedling particles is small. However, if the pea seedling 
particles are shaken vigorously with 0.01 m KCl for 10 minutes and sedi- 
mented, they are no longer able to incorporate amino acids into protein. 
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Addition of the KCl extract or the “pH 5 protein” preparation of pea 
seedlings restores 70 to 90 per cent of the incorporation activity. 

Amino Acid Activation—The necessity of an additional protein fraction 
(“pH 5 protein’) for amino acid incorporation by liver microsomes seems 
to be due, at least in part, to the presence of amino acid-activating enzymes 
in the ‘‘soluble”’ cytoplasmic protein of liver. If the necessity of amino 
acid activation prior to the incorporation of amino acids into protein is 
assumed, then the untreated pea seedling ribonucleoprotein particles should 
be able to catalyze the reactions associated with amino acid activation 
(3, 8). That this is indeed the case is shown by the data of Table II. 
Whether activation is measured by the formation of amino acid hydroxa- 
mates (3, 7) or by the amino acid-dependent exchange of pyrophosphate 


TABLE II 
Amino Acid Activation by Various Fractions of Pea Seedling Extracts 
hosphate-ATP 
ATP) 

pmoles 
Sediment from 40,000 X g for 20 min............. 3,600 0.55 
Supernatant solution from 105,000 X g for 75 min.. . 19,950 1.75 


The reaction conditions are those described in Table III. The amino acid mix- 
ture contained 0.5 mg. per ml. of each of the amino acids listed in Table III, except 
glutamine and asparagine. The results are expressed as pyrophosphate exchanged 
or hydroxamate formed per 10 mg. of protein. 


with ATP, a measurable activity is associated with the ribonucleoprotein 
particles. The greatest specific activity and by far the greatest total 
activity, however, are found in the fraction not sedimented in 75 minutes 
at 105,000 x g. If the particles are extracted with 0.01 m KCl, as described 
previously, they no longer have the ability to catalyze the reactions 
associated with amino acid activation. The protein extracted from the 
particles, however, can catalyze amino acid activation. This suggests 
that the particles, when prepared by the methods described here, have 
sufficient activating enzymes associated with them to enable incorporation 
to proceed at significant rates without the presence of additional cyto- 
plasmic protein. 

Table III presents the effects of various individual amino acids on 
pyrophosphate-ATP exchange and on hydroxamate formation. The 
particles show greatest exchange in the presence of the same individual 
amino acids found by DeMoss and Novelli (8) to elicit pyrophosphate-ATP 
exchange. In addition, however, small amounts of exchange are consist- 
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ently produced by the presence of several amino acids that have not been [ 
reported to be active in other preparations (3, 8). Furthermore, some | 
hydroxamate formation can be measured in the presence of every amino 
acid tested. The amino acid-dependent pyrophosphate-ATP exchange 


TaBLeE III 
Effects of Various Amino Acids on Pyrophosphate-A TP ' 
Exchange and on Hydrozamate Formation 


] 
Pyrophosphate-ATP 
Amino acid added in Hy 
pmoles 


The reaction system for pyrophosphate-ATP exchange was that of DeMoss and 
Novelli (8). The reaction system was incubated for 15 minutes at 38°. Particles, 
in the absence of added amino acids, incorporated approximately 450 ¢c.p.m. into 
ATP. The values given are counts in excess of this amount, which were elicited by 
the addition of the respective amino acids. The reaction system for hydroxamate 
formation was that of Hoagland ef al. (3), except that the hydroxylamine concentra- 
tion was 2 M, and was incubated for 60 minutes at 38°. All reaction systems con- 
tained 5 mg. of particulate protein. Concentration of each amino acid was 0.05 M. 


is inhibited only slightly by ribonuclease, or by 0.01 m concentrations of 

hydroxylamine, chloramphenicol, and rubidium ions. These inhibitors, 

therefore, affect some part of the amino acid incorporation process other 

than the postulated (3, 8) initial formation of amino acid-AMP com- 
pounds. 

Exchange of AMP with ATP—In addition to the exchange of pyrophos- 

_ phate with ATP, the particulate preparation catalyzes an exchange of 


G. C. WEBSTER 541 


AMP with ATP. The rate of such exchange is only 5 to 10 per cent that 
of pyrophosphate exchange with ATP, but it is, nevertheless, easily 
measurable. Table IV shows that the AMP-ATP exchange is enhanced 
considerably by the presence of a mixture of the amino acids listed in 
Table III. An alanine-dependent, ribonuclease-inhibited exchange of 
AMP with ATP in liver extracts has been reported by Holley (13). Be- 
cause of the limited amounts of C'-AMP that have been available, it has 
not been possible to determine critically the effect of each individual 
amino acid on the particulate AMP-ATP exchange. However, the data 
of Table IV show that alanine alone cannot elicit the increase in exchange 
produced by an amino acid mixture. It seems likely, therefore, that the 
increased exchange is due to one or more amino acids in addition to alanine. 


TABLE IV 
Some Characteristics of AMP-ATP Exchange 
Addition to system C.p.m. in ATP 
+ ribonuclease. .................... 71 
+ chloramphenicol.................. 103 
+ hydroxylamine................... 270 
+ rubidium ions.................... 55 


The complete system and reaction conditions were those described by Holley (13). 
The amino acid mixture was at the same concentration used for pyrophosphate- 
ATP exchange. Inhibitors were at 0.01 m, while ribonuclease was 1 mg. per ml. 


In contrast to pyrophosphate exchange with ATP, the AMP-ATP exchange 
is strongly inhibited by various inhibitors of amino acid incorporation 
into protein (Table IV). It can be seen that the inhibitors affect not 
only the amino acid-promoted AMP-ATP exchange, but also that portion 
of the exchange catalyzed by the particles alone. The AMP-ATP exchange 
is eliminated by extraction of the pea seedling particles with 0.01 m KCl, 
as described earlier. Interestingly, neither the extract nor the remaining 
particles can catalyze the AMP-ATP exchange alone. However, recom- 
bination of the two fractions restores 70 to 100 per cent of the exchange 
activity. 

Incorporation of Adenosine 5'-Phosphate into Ribonucleic Acid—In 
addition to the activities listed above, the pea seedling particles possess 
the ability to incorporate adenosine 5’-phosphate into ribonucleic acid. 
As can be seen from Table V, the nucleotide incorporation requires the 
same factors as does the incorporation of amino acids into protein. If 
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C'4-ATP is used instead of C'*-AMP, then the requirement for both ATP 
and an ATP-generating system is eliminated. Although the location of 
the incorporated AMP in the ribonucleic acid is still uncertain, it is of 
considerable interest that both C’-AMP and P®-AMP are incorporated 
equally well. This suggests that the AMP molecule is incorporated as a 
unit into ribonucleic acid. The nature of the AMP incorporation process, 
and whether polynucleotide phosphorylase participates in the process, 
must await the purification of the enzyme system associated with the 
particles. 

Effects of Disruption of Particles on Amino Acid Incorporation and 
Related Activities—It is of considerable interest to know whether intact 


TABLE V 


Characteristics of Incorporation of C4'-AMP and P®-AMP into Ribonucleic 
Acid of Pea Seedling Ribonucleoprotein Particles 


M4 
System 
creatine phosphate............... 91 116 


* The results are expressed as counts per minute per mg. of polynucleotide. The 
complete system was the same as that described in Table I, except that L-glutamate 
was replaced by 1 umole of either C'*-AMP or P*?-AMP (containing 55,000 ¢.p.m.). 
The mixtures were incubated for 30 minutes at 38°. 


ribonucleoprotein particles can be disrupted into simpler units and whether 
such units are able to incorporate amino acids into protein. It can be 
seen from Table VI that a variety of treatments render all or a portion of 
pea seedling ribonucleoprotein particles no longer sedimentable in 75 
minutes at 105,000 X g. Especially striking is the action of sodium dodecyl 
sulfate which makes the particles completely unsedimentable immediately 
upon addition.. It is noteworthy that chelating agents such as Versene 
and pyrophosphate are also highly effective in disrupting the particles. 
Their action raises a question as to whether metal ions may act to stabilize 
ribonucleoprotein particles. It is also interesting to note that the ratio 
of protein to ribonucleic acid is fairly constant in the non-sedimentable 
preparations, except in the case of acetone treatment. This suggests 
that acetone may disrupt the particles in a manner different from that of 
the other agents. 

Table VII presents the abilities of the various non-sedimentable prepara- 
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tions to incorporate amino acids into protein, incorporate AMP into 
polynucleotide, and to catalyze an amino acid-promoted exchange of either 
pyrophosphate or AMP with ATP. It can be seen that the exchange 


activities either are inhibited only slightly or are enhanced by disruption 


TaBLe VI 


Properties of Pea Seedling Ribonucleoprotein Particles 
Treated in Various Ways 


Per cent sedimented in Per cent not sedimented 
75 min. at 105,000 X g_ in 75 min. at 105,000 XK g 
Treatment 

Protein Protein 
Sonic vibration, 10 min.................... 57 56 43 44 
Pyrophosphate, pH 9.0.................... 15 6 85 O4 
Incubation at pH 10.5..................... 25 18 75 82 
Sodium dodecyl sulfate.................... 0 0 100 100 

TaBLeE VII 


Metabolic Activities of Non-Sedimentable Fractions of Pea Seedling 
Ribonucleoprotein Particles Disrupted by Various Methods 


Glutamate in- |AMP incorpora- AMP-ATP 

corporation into} ton into exchange | exchange 
0 70 292 660 
Sonic vibration................ 241 159 115 310 
Pyrophosphate................ 0 105 88 147 
Sodium dodecyl! sulfate......... 16 21 SS 128 


The values given are for specific activities relative to those of intact particles, 
which are assigned a value of 100. The reaction systems were those described pre- 
viously. 


of the particles. Likewise, particle disruption inhibits markedly the in- 
corporation of AMP into polynucleotide only when dodecyl sulfate is 
used. Glutamate incorporation into protein, however, is eliminated 
mostly or entirely by every treatment except sonic vibration. The non- 
sedimentable (105,000  g for 75 minutes) material has a higher specific 
activity for glutamate incorporation than the original particles. If the 


preparation, after incubation with C'-glutamate, is centrifuged for 6 
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hours at 105,000 X g, the slight sediment contains the incorporated radio- 
activity. This suggests that amino acid incorporation by the preparation 
degraded by sonic vibration is a function of a fraction that is not sedimented 
in 75 minutes at 105,000 X g, but is sedimented in 6 hours. Such a 
sediment is not found in preparations of particles degraded by acetone, 
pyrophosphate, Versene, or dodecyl sulfate. If the original degraded 
preparation is subjected to a further 10 minutes of sonic vibration, all 
ability to incorporate amino acid into protein is lost, while the other 
activities listed in Table VII are unaffected. In view of the interesting 
metabolic activities of the various preparations of degraded particles 
given in Table VII, it would be of considerable value to learn something 
of the physical nature of the non-sedimentable preparations. 


DISCUSSION 


The results presented here show that ribonucleoprotein particles from 
pea seedlings and from yeast incorporate amino acids into protein in a 
manner very similar to that already observed with liver microsomes (3, 10) 
and ascites tumor ribonucleoprotein particles (2). The plant particles 
differ somewhat from the mammalian preparations, notably in their 
sensitivity to increasing concentrations of ATP and magnesium ions and 
in the tendency of pea seedling particles, when prepared in the absence of 
salts, to catalyze amino acid activation, amino acid-promoted AMP-ATP 
exchange, and AMP incorporation into polynucleotide. All of these 
activities are associated with the non-particulate protein of mammalian 
preparations (3, 13, 14). In view of these results, it seems likely that 
ribonucleoprotein particle preparations from other sources may exhibit 
further variations in properties, because of differences in the chemical prop- 
erties of the tissue source, the preparative procedure, and the physical 
nature of the particles themselves. However, these differences should 
not obscure the over-all similarity in amino acid incorporation by different 
preparations and the increasing evidence that amino acid activation and 
the amino acid-promoted AMP-ATP exchange may be measures of primary 
steps in the incorporation of amino acids into protein. 

In this connection, two observations related to amino acid activation 
are especially noteworthy. First, the finding that most of the common 
amino acids elicit either pyrophosphate-ATP exchange or hydroxamate 
formation (or both) lends support to the suggestion of Davie et al. (15) 
that enzymes capable of activating most, if not all, of the common amino 
acids occur naturally. Secondly, the occurrence of an AMP-ATP ex- 
change, enhanced by alanine but increased much more by an amino acid 
mixture, suggests that a similar spectrum of activities, perhaps catalyzed 
by the amino acid-activating enzymes in the presence of a suitable acceptor, 
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likewise occurs naturally. The inhibition of the amino acid-promoted 
AMP-ATP exchange by inhibitors of protein synthesis makes this reaction 
of particular interest. 

Finally, the incorporation of amino acid into protein by a fragment 
prepared by sonic disruption of ribonucleoprotein particles raises the 
possibility that amino acid incorporation can be studied in preparations 
smaller, and perhaps less complex, than intact ribonucleoprotein particles 
or microsomes. Although the mechanism of amino acid incorporation 
into protein is still obscure, further investigation on amino acid activation 
(including AMP-ATP exchange) and further development of amino acid 
incorporation systems simpler than intact particles would appear to offer 
excellent means for the clarification of the incorporation mechanism. 


SUMMARY 


Ribonucleoprotein particles from both yeast and pea seedlings are able 
to incorporate amino acids into protein. In addition, the pea seedling 
particles, if prepared in the absence of salts, catalyze amino acid-promoted 
pyrophosphate-adenosine triphosphate (ATP) and adenosine monophos- 
phate (AMP)-ATP exchanges, amino acid hydroxamate formation, and 
the incorporation of adenosine 5’-phosphate into ribonucleic acid. Amino 
acid incorporation and the amino acid-promoted AMP-ATP exchange are 
inhibited by ribonuclease, chloramphenicol, hydroxylamine, and rubidium 
ions. The pea seedling particles catalyze at least some pyrophosphate- 
ATP exchange or hydroxamate formation with all common amino acids. 
The pyrophosphate-ATP exchange ability can be extracted from the par- 
ticles with 0.01 m KCl. The particles, after extraction, exhibit most of 
the requirements of liver microsomes or ascites tumor particles for amino 
acid incorporation into protein. Pea seedling ribonucleoprotein particles 
can be disrupted by treatment with acetone, pyrophosphate, Versene, 
dodecyl sulfate, or by sonic vibration. Such treatments do not either 
affect greatly or enhance the amino acid-promoted pyrophosphate-ATP 
and AMP-ATP exchange and the incorporation of AMP into polynucleo- 
tide. In contrast, amino acid incorporation into protein is mostly or 
completely eliminated by all disruption methods except sonic vibration. 
Sonic vibration results in the production of a fraction with a higher specific 
activity for incorporation than the original ribonucleoprotein particles. 
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Phenylalanine has been isolated from protein hydrolysates by a number 
of methods (1—5) which, however, suffer from the disadvantages of being 
tedious and costly or which yield markedly low results or racemized prod- 
ucts. In order to overcome these difficulties we have elaborated the 
present procedure. Metal picrates have been recently utilized with suc- 
cess as reagents for the isolation of a number of monoamino acids from 
protein hydrolysates (6, 7). It has been pointed out in a previous paper 
(7) that strontium picrate is capable of forming sparingly soluble complexes 
with glycine, alanine, proline, phenylalanine, tryptophan, lysine, and 
arginine. Further study of the properties of the phenylalanine-strontium 
picrate complex has demonstrated that use could be made of this compound 
for the separation of phenylalanine from certain hydrolysis products of 
proteins. The strontium picrate complex of phenylalanine is composed of 
1 mole of the amino acid combined with 1 mole of the reagent. It can be 
readily obtained from aqueous solutions of the amino acid by treatment 
with 1 equivalent of strontium picrate. It crystallizes quickly from hot 
water in the form of radiating masses of fine yellow needles. It is soluble 
in water to the extent of 0.85 gm. per 100 ml. at 0°. The method described 
herein consists chiefly of preparing, from protein hydrolysates, a fraction 
containing most of the phenylalanine present but substantially free from 
the other amino acids which form sparingly soluble derivatives with stron- 
tium picrate. These requirements can be met by treating a protein hy- 
drolysate with picric acid in slight excess of the amount equivalent to the 
arginine and histidine present and applying the mixture to a column of 
active charcoal. Treatment of the column with aqueous ethyl acetate 
solution until the effluent no longer gives a positive phenylalanine color 
test vields an eluate consisting mainly of phenylalanine with small amounts 
of tyrosine, leucine, isoleucine, and methionine. Phenylalanine can then 
be readily separated from these contaminating amino acids by precipita- 
tion with strontium picrate. Recovery of the free amino acid is readily 
effected by the decomposition of the complex salt with sulfuric acid. 

The above technique has been successfully applied to egg albumin hy- 
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drolysates. Much higher yields are secured by this procedure than by 
the earlier methods. It is of interest to note that the yield of pure L- 
phenylalanine isolated by the present method is more than twice that 
obtained by Partridge and Brimley (8). 

Calcium picrate has been employed in the same way for the separation 
of phenylalanine from protein hydrolysates. Under the experimental 
conditions employed, this picrate exhibits the same behavior towards 
amino acids as strontium picrate, except that it also forms a sparingly 
soluble complex with serine. The use of calcium picrate, however, results 
in yields of phenylalanine slightly lower than those which can be secured 
with strontium picrate. This has been found to be due to the greater 
solubility of the calcium picrate-phenylalanine complex in water, which is 
2.4 gm. per 100 ml. at 0°. It has been found also that barium picrate 
furnishes a well crystallized sparingly soluble complex with phenylalanine. 
However, attempts to use this reagent for the preparation of phenylalanine 
from egg albumin hydrolysates resulted in low yields. This has been shown 
to be due to the tendency of the phenylalanine-barium picrate complex to 
undergo decomposition, in aqueous solutions, into its two components. 


EXPERIMENTAL 


Materials 


Kgg albumin was obtained from E. Merck, Darmstadt (N, 15.0 per cent 
of moisture- and ash-free protein; moisture, 12.4 per cent; ash, 4.5 per cent). 
Strontium picrate was prepared as described before (7). Calcium and 
barium picrates were prepared from picric acid and the corresponding 
metal carbonates in the same manner as described for strontium picrate. 
Charcoal (The British Drug Houses, Ltd., active decolorizing charcoal) 
was purified by the procedure previously reported (9). It was further 
treated before use with water saturated with H.S. All reagents were 
analytically pure. 


Isolation of Phenylalanine from Egg Albumin Hydrolysates 
by Employing Strontium Picrate 


In all of the experiments described below, the various inorganic pre- 
cipitates were thoroughly washed. Egg albumin (200 gm.) was hydrolyzed 
by boiling it with 1200 ml. of 8 n H.SO, for 30 hours. The hydrolysate 
was diluted with 2 volumes of water, and the insoluble humin was removed 
by filtration. The solution was neutralized to litmus with an aqueous 
suspension of Ca(OH)., and the CaSO, precipitate was filtered. The 
SO, and Ca ions remaining in the filtrate were removed successively by 
the requisite quantities of Ba(OH). and oxalic acid. The hydrolysate, 
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freed from inorganic ions, was concentrated in vacuo to about 2 liters and 
saturated with H.S. To this solution picric acid (22 gm.) was added and 
dissolved by stirring. The mixture was next applied to a column packed 
with 350 gm. of charcoal (internal diameter of tube, 9 cm.) at a rate of 
approximately 1.5 liters per hour, the whole operation being carried out in 
a cold room. The column was washed with H.S-saturated water until 
the effluent gave a weakly positive ninhydrin reaction. The volume of 
the eluate was about 12 liters. The column was then treated with H.S- 
saturated aqueous solution of 5 per cent ethyl acetate, and the percolate 
was tested for phenylalanine by the Kapeller-Adler reaction as modified 
by Kuhn and Desnuelle (10). The first 2 liters of the eluate were com- 
pletely free from phenylalanine and were discarded. There followed a 
percolate which was rich in phenylalanine. Development of the column 
with the same eluent was continued until practically no more phenylalanine 
was eluted. About 4.5 liters of eluate containing phenylalanine were 
collected. The first fractions were devoid of tyrosine, but later fractions 
contained a little of this amino acid, as indicated by the positive tests 
with the Millon-Weiss reaction as modified by Bernhart (11). Further 
treatment of the column with ethyl acetate solution gave a percolate 
which contained only tyrosine. 

Isolation of Phenylalanine-Strontium Picrate Complex—The fraction 
containing phenylalanine was concentrated in vacuo to about 250 ml. 
On standing overnight at room temperature, a very small crystalline pre- 
cipitate of tyrosine appeared which was removed. The filtrate was 
treated at boiling temperature with strontium picrate (55 gm., 10 per cent 
in excess of the amount calculated to combine with the phenylalanine 
present), and the mixture was stirred until all of the reagent was dissolved. 
On cooling to room temperature, the phenylalanine-strontium picrate 
complex began to separate, and after about 2 hours the mixture became a 
semisolid mass of crystals. After 12 hours at room temperature, the 
picrate was collected, washed with about 50 ml. of cold, saturated, stron- 
tium picrate solution, and then recrystallized from hot water. The 
mother liquor from the recrystallized product, on concentration to a 
small volume, yielded a small crop of the same compound. 

Preparation of t-Phenylalanine—The strontium picrate complex isolated 
was decomposed by suspending it in 200 ml. of hot water, adding 40 ml. 
of 50 per cent (v/v) H.SO,, and heating the mixture on a steam bath for 
l hour. The precipitated strontium sulfate and picric acid were filtered, 
and the filtrate was freed from the residual picric acid by extraction with 
hot benzene. The resulting aqueous solution was decolorized with a little 
charcoal, and H.SO, and Sr were completely removed by successive pre- 
cipitaticn with Ca(OH)2, Ba(OH)2, and oxalic acid. ‘The final solution 
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was concentrated in vacuo until a copious crystallization of phenylalanine 
occurred and then treated with 3 volumes of hot ethanol. After standing 
overnight at 0°, the white crystalline precipitate was filtered and washed 
with cold 80 per cent ethanol. A second small crop was recovered from 
the mother liquor and washings by further concentration in vacuo and 
treatment with ethanol. The total yield of L-phenylalanine was 8.5 gm. 
The amino acid was recrystallized once from water for analysis. 


Calculated. C 65.44, H 6.71, N 8.48 
Found. ** 65.48, 6.74, 8.47 
la]?? —34.2° (c, 2 in water; length = 2 dm.) 


The product was also shown to be free from other amino acids by paper 
chromatography. A sample (1 gm.) was converted into the strontium 
picrate complex salt. 


2. Calculated. C 35.57, H 2.13, N 13.82 
Found. 35.36, ‘* 2.20, 13.52 


The above isolation procedure was repeated, but calcium picrate was 
used in place of strontium picrate. The yield of pure L-phenylalanine 
was 8 gm. Barium picrate also was employed for the isolation of phenylal- 
anine in essentially the same manner as outlined above. The phenylal- 
anine-barium picrate complex isolated was found to be heavily contam- 
inated with the precipitant even when the latter was added in amounts 
slightly less than that required to combine with the phenylalanine present. 
Use was made of the high solubility of barium picrate in water-saturated 
ethyl acetate (14.6 gm. per cent at 10°) for the removal of this reagent 
from the precipitate of the phenylalanine complex. Recrystallization of 
the ethyl acetate-treated product from hot water resulted in partial decom- 
position of the complex with the formation of additional barium picrate. 
The yield of pure L-phenylalanine isolated from 200 gm. of egg albumin 
was 5.3 gm. 


DISCUSSION 


The present method permits the isolation of pure L-phenylalanine in 
good yields. The pure amino acid was obtained from egg albumin hydrol- 
ysates in amounts corresponding to 5.1 per cent of the dry and ash-free 
protein, representing a recovery of 72 per cent of the amount present 
according to the analysis of Tristram (12). The yield greatly exceeds the 
values 2.6 and 2.3 per cent given by Partridge (5) and Partridge and 
Brimley (8), respectively. 

It has been observed from preliminary work that the use of 5 per cent 
acetic acid for washing the aliphatic amino acids from charcoal columns 
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greatly reduces the affinity of the adsorbent for phenylalanine; hence this 
amino acid appears in the percolate before complete elution of arginine 
could be attained. Although this difficulty may be overcome by employing 
much longer columns, this will increase the time required for effecting the 
separation and will lead to significant losses in phenylalanine. As shown 
above, the interference of arginine can readily be eliminated by taking 
advantage of the fact that arginine picrate is markedly adsorbed by char- 
coal (9). The difference in the adsorption affinities of arginine picrate 
and phenylalanine for charcoal is sufficiently large to permit their separa- 
tion from each other. Thus it is possible to elute phenylalanine from the 
adsorbent with 5 per cent ethyl acetate, leaving the more strongly adsorbed 
arginine picrate in the column. Since histidine dipicrate is as strongly 
adsorbed by charcoal as arginine picrate (9), there will be competition 
between arginine and histidine for the picric acid added to the hydrolysates. 
Accordingly, this reagent should be used in amounts sufficient for the 
conversion of all of the arginine and histidine present into their respective 
picrates. 

Schramm and Primosigh (13) have recommended the use of 5 per cent 
acetic acid for elution of the aliphatic amino acids from charcoal columns 
and the pretreatment of the latter with the same reagent in order to obtain 
complete recovery of these acids. In the present investigation, the acetic 
acid treatment of charcoal was avoided since it results in decomposition of 
the arginine picrate retained by the adsorbent. The results of many 
experiments with charcoal chromatography have indicated that the absence 
of such treatment of charcoal has no effect on the weakly adsorbed amino 
acids, such as glycine, alanine, proline, and serine, which can be quantita- 
tively eluted with water. The same observation has been reported by 
Tiselius (14). The more strongly adsorbed amino acids including arginine, 
histidine, leucine, isoleucine, and methionine, however, cannot be com- 
pletely recovered unless the acetic acid treatment is performed. The 
phenylalanine fraction obtained by the present procedure was contaminated 
with small amounts of leucine, isoleucine, and methionine which could 
not be washed out from the column with water, but which were eluted by 
aqueous ethyl acetate. The presence of these amino acids has the ad- 
vantage of increasing the solubility of tyrosine which is found in small 
amounts in the phenylalanine fraction, thereby preventing its precipitation 
along with the phenylalanine complex salt. 

Of the many eluents which have been investigated, 5 per cent aqueous 
ethyl acetate has been found to be the most effective and convenient, 
under the experimental conditions employed, for eluting phenylalanine 
from charcoal columns. In addition, it is much easier to remove from 
amino acid solutions than the other possible eluents. 
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The amino acids obtained by charcoal adsorption are usually contami- 
nated with their decomposition products, colored substances, as well as 
other impurities which are leached from the adsorbent. Precipitation 
of phenylalanine as its strontium picrate complex salt offers a ready means 
for its separation from such contaminating materials. 


SUMMARY 


Use has been made of the finding that phenylalanine forms sparingly 
soluble complex salts with the alkaline earth metal picrates for the isola- 
tion of this amino acid from protein hydrolysates. The method is based 
on the separation of phenylalanine, by charcoal chromatography, from 
the other amino acids which also furnish sparingly soluble complex deriva- 
tives with these metal picrates. 

The present procedure possesses the advantages that it is simple and 
economical, and it allows the isolation of pure L-phenylalanine in yields 
which are appreciably higher than those secured by previously described 
methods. 
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PASSAGE OF RADIOACTIVITY BETWEEN PROTEIN 
FRACTIONS OF A HEN OVIDUCT HOMOGENATE 


By RICHARD W. HENDLER 


(From the Laboratory of Cellular Physiology and Metabolism, National Heart Institute, 
National Institutes of Health, United States Public Health Service, 
Bethesda, Maryland) 


(Received for publication, July 1, 1957) 


The microsomal material of cells is believed to be involved in the early 
stages of amino acid incorporation (1). Previous work from this laboratory 
demonstrated that in the hen oviduct this material is contained in the 
easily sedimentable cell debris (2, 3). Kinetic studies on free amino acid 
incorporation and subsequent turnover of the incorporated radioactivity 
showed that the cell debris was the most active fraction, both with respect 
to amino acid incorporation and turnover (2). It was suggested that this 
fraction may contain intermediate stages between free amino acid and 
supernatant proteins. If this is true, it may be possible to dispense with 
free amino acid and use radioactive cell debris as a source of radioactivity 
for supernatant proteins. The present paper describes experiments where- 
by a prelabeled cell debris appears to serve as the source for the superna- 
tant proteins under conditions in which free amino acids are themselves 
inert. A preliminary report of this work has already appeared (4). 


EXPERIMENTAL 


Preincubation—A mince of hen oviduct was labeled by incubation with 
free amino acid for 2} hours under conditions previously described (2 
gm. of mince in 5 ml. of buffer) (2). 

The preincubated mince was centrifuged at about 1000 r.p.m. in a 
clinical centrifuge and the radioactive medium discarded. The mince was 
homogenized with an all-glass Potter-Elvehjem homogenizer which was 
immersed in an ice bath for two 14 minute periods. The cell debris was 
obtained by centrifugation in a clinical centrifuge for about 2 minutes at 
1000 r.p.m., and the supernatant fluid was discarded. The cell debris was 
thoroughly washed in about 8 volumes of ice-cold buffer, centrifuged as 
above, and left to drain inverted over absorbent tissue. This radioactive 
cell debris was incubated either with fresh buffer or with a cell supernatant 
fraction obtained as follows. <A fresh unincubated oviduct was homoge- 
nized in buffer (2 gm. per 5 ml. of buffer) for two 14 minute periods as 
described above. The cell debris was removed by centrifugation in a 
clinical centrifuge for about 2 minutes at 1000 r.p.m. This supernatant 
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fluid, with or without added cofactors, was thoroughly mixed with the 
labeled cell debris for the postincubation, which generally lasted about 3 
hours. 

The radioactive amino acids employed in this work, and purchased from 
the Volk Radiochemical Company, Chicago, were glycine-1,2-C", 
DL-valine-1-C™, pt-phenylalanine-3-C™, and pL-alanine-1-C". 

ATP,! GTP, and CoA were purchased from the Pabst Laboratories, 
Division of the Pabst Brewing Company, Milwaukee, Wisconsin. PEP 
was synthesized from pyruvic acid and phosphorus oxychloride according 
to an unpublished procedure developed by William Pricer, Jr., of the Na- 
tional Institute of Arthritis and Metabolic Diseases. The preparation 
was assayed with pyruvate phosphokinase as described by Kornberg and 
Pricer (5). 

These additions were used in the following amounts per ml.: ATP 1 
umole, GTP 0.25 umole, PEP 10 umoles, CoA 100 units. 

Preparation of Proteins for Determination of Radioactivity—These pro- 
cedures were carried out essentially as described previously (2) with the 
following changes. A stainless steel plunger which fit exactly into the 
planchet was hammered down on the protein sample to insure an even 
distribution of material on the planchet.? Corrections were applied for 
self-absorption by use of an empirical curve obtained with the cell debris 
protein. 


Results 


Incorporation of amino acids into proteins of a hen oviduct mince was 
markedly influenced by the presence of CoA and arsenate in the medium 
(Table 1). Other experiments in homogenate preparations to be described 
here also demonstrate a stimulatory effect of added CoA. The ability to 
incorporate free amino acids into proteins appears to be lost by this tissue 
upon homogenization under the described conditions (Table II). There- 
fore the reactions under study in the homogenate preparations do not 
involve incorporation of free amino acid to any appreciable extent. 

If the proteins of hen oviduct are made radioactive by incubating a 
mince with radioactive amino acid, a radioactive cell debris fraction can be 
obtained. This type of fraction, well washed with buffer, was then the 
source of radioactivity ina reconstructed homogenate incubation, consisting 
of the prelabeled cell debris and unlabeled supernatant proteins obtained 


1 The following abbreviations have been used: ATP, adenosine triphosphate; GTP, 
guanosine triphosphate; GDP, guanosine diphosphate; PEP, phosphoenolpyruvie 
acid; CoA, coenzyme A; 2-4 DNP, 2-4-dinitrophenol. 

2 The author is indebted to Dr. Daniel Steinberg of this laboratory for this sug- 
gestion. 
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by removing the cell debris fraction from a homogenate of the same weight 
of fresh oviduct. Ina subsequent incubation of this reconstructed homoge- 
nate there then occurred a transfer of radioactivity from the cell debris 
fraction to the supernatant fraction. This passage of radioactivity from 
cell debris to medium appeared to consist of a basal level and a stimulated 


TABLE I 


Effects of Arsenate and CoA on Amino Acid* Incorporation 
into Proteins of Hen Oviduct Minces 


Additions Cell debris (NHa4)2SOat ppt. |(NH4)2SOut solution 
With CoA at 100 units per ml..... 205 159 189 

K;3As0,, 0.005 m............. 76 81 70 


* Glycine-1,2-C™ at 1 ue. per ml. incubated 2 hours. 
t 300 mg. added per ml. 
t Relative per cent specific activities compared to the values obtained with no 


additions. 


TABLE II 


Loss of Ability to Incorporate Free Amino Acid after Homogenization 
Total c.p.m. in proteins 
Whole mince 1800 
Cell debris* 0 
* + supernatant solution 0 
Whole mince 7290 
homogenatet 39 


All the tissue was incubated in the usual bicarbonate buffer containing glycine- 
1,2-C™ at lye. per ml. Similar results have been obtained with no additions to the 
whole homogenate and when pt-alanine-1-C™ was used instead of glycine-1,2-C™. 
* Contains Mg**, KF, and ATP instead of glucose. 
t ATP, Mg**, yeast extract, and HPO,= added. 


level induced by the addition of a mixture of CoA, ATP, GTP, or GDP, 
and PEP. The basal level is believed to represent essentially the release 
of completed radioactive proteins contained in the cell debris at the end 
of the mince preincubation. This level was not effected by the addition 
of arsenate, 2,4-DNP, or iodoacetate (Table III). CoA by itself provided 
some stimulation but, when supplemented by ATP, GTP, and PEP, the 
stimulation was significantly enhanced. ATP, GTP, and PEP alone had 
only a minimal effect. 
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Pretreatment of the supernatant fraction obtained from oviduct with 
charcoal reduced the basal level of radioactivity which passed into the 
medium, and the subsequent addition of cofactors was successful in eliciting 
a stimulation of the same absolute amount as that obtained with the 
untreated supernatant fraction (Table IV). Dialysis of the supernatant 
fraction did not reduce the basal level. The experimental results obtained 
with radioactive glycine were checked again after the proteins were treated 
with mercaptoethanol under conditions whereby disulfide-bound counts 
would be released (6). Such treatment did not alter the nature of the 


TABLE III 


Effects of Activators and Inhibitors on Transfer of Radioactivity 
from Cell Debris to Supernatant Fraction 


Additions (NH4)2SO4* ppt. 
None 100f 100t 
K;AsQO, (5 X 107? m) 107 100 
2,4-Dinitrophenol (1 X 10-3 m) 99 100 
Iodoacetate (5 X 107° m) 93 175t 
Ribonuclease (0.1 mg. per ml.) 81 100 
CoA (100 units per ml.) 126 140 
ATP (1 X 10-*m), PEP (1 X 10-?m), GTP (2.5 X 10-* m) 107 145 
CoA, ATP, PEP, GTP 168 550 


Cell debris, prelabeled with glycine-1,2-C™ incubated in fresh unlabeled cell 
supernatant fluid. 

* 300 mg. added per ml. 

t Relative per cent specific activity compared to the values obtained with no 
additions. 

t The stimulation here may be related to an inhibitory effect of cysteine (see the 
text). 


findings. In some cases the per cent stimulation by cofactors appeared 
enhanced after the mercaptoethanol treatment. 

Table V shows an experiment with valine-1-C" in which the omission 
of CoA partially reduced the level of stimulation, implying the initial 
presence of a suboptimal amount of CoA. Omission of each of the other 
cofactors resulted in a marked decrease in the level of radioactivity which 
passed into the supernatant fluid. Nothing, however, may be inferred at 
present about the specificity of this apparent nucleotide stimulation. The 
transfer of radioactivity and stimulation in the case of alanine and phenyl- 
alanine is shown in Table VI. An attempt to replace the CoA in the co- 
factor mixture by cysteine resulted in a marked inhibition of transfer. 
It has been observed that the inhibitory effect of cysteine is easiest to 
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demonstrate early in the postincubation, and the continued incubation 
appears to overcome the inhibition gradually. 


TaBLeE IV 


Transfer of Radioactivity from Cell Debris to Supernatant 
Fraction under Different Conditions 


Per cent total |Per cent specific 
Total c.p.m. c.p.m. trans- activity of 
transferred | ferred relative |(NH«)2SO«* ppt. 
to (1) relative to (1) 
3. Supernatant fraction pretreated with 
2160 82 86 
4. With cofactors to charcoal-treated su- 
pernatant fraction..................... 3400 129 146 
5. Supernatant fraction predialyzed........ 2720 103 135 


The cell debris fractions were prelabeled with glycine-1,2-C™ and then incubated 
in fresh unlabeled cell-supernatant fluid treated as described. 

* 300 mg. added per ml. 

t CoA, 100 units per ml.; GTP (2.5 K 10-4 m); ATP (1 X 10-3 m); PEP (1 X 107? 
M). 

t There was a smaller amount of unlabeled diluting protein here. 


TABLE V 


Effect of Added Cofactors on Movement of Radioactivity 
from Cell Debris to Supernatant Fraction 


Total c.p.m. transferred 
1. No additions 832 100 
2. With all cofactors* 1192 144 
3. Without CoA 1060 127 
4. as ATP 632 76 
5. an GDP 780 94 
6. aes PEP 778 94 


* CoA, 100 units per ml.; ATP (1 X 10- mM); GDP (2.5 X 10-*m); PEP (1 X 107? 
M). Cell debris prelabeled with pu-valine-1-C™. 


Simultaneous chromatography on columns of cellulose adsorbent of the 
soluble radioactive proteins released from cell debris under the conditions 
described here, with normal soluble proteins of hen oviduct, demonstrated 
that the transfer involves the normally occurring proteins of this tissue.* 


3 From studies carried out in collaboration with Dr. E. A. Peterson of the National 
Cancer Institute and to be published in full at a later date. 
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Study of the fine structure of the albumin-secreting cells of hen oviduct 
has revealed the existence of a highly developed microsomal system (ergas- 
toplasm or endoplasmic reticulum). Much of this system exists in the 
form of a lining for small cytoplasmic sacs which are filled with protein- 
aceous material. Such observations, in accord with present views on the 
role of the ergastoplasm, suggest that the secretory proteins of this tissue 
are formed and stored in these structures (3). 

In this connection it is worth noting that the radioactive proteins re- 
leased by cell debris into buffer during postincubation are of higher specific 
activity than the cell debris itself and higher than the specific activity of 


TABLE VI 


Release of Radioactivity from Cell Debris Prelabeled with 
pit-Alanine-1-C' or pit-Phenylalanine-3-C™ 


Per cent Specific 
Total total c.p.m. | activity of 


c.p.m. | transferred | (NH4)2SO« 
trans- | relative to |ppt. relative 
ferred | flask with (to flask with 
no additive no additive 
pL-Alanine No additions 720 100 100 
With cofactors + cysteine* 1074 150 161 
+ | 517 72 69 
+ + io- | 1290 179 132 
doacetate 
pL-Phenylalanine | No additions 600 100 100 
With cofactors + cysteine* 2160 410 360 


* The concentration of CoA equaled the concentration of cysteine. 
t The concentration of cysteine was doubled so that in effect CoA was replaced 
by cysteine. 


the corresponding soluble proteins obtained at the end of the preincubation 
(Table VII). This fact further supports the idea that proteins newly 
released from the cell debris have been more directly in contact with the 
precursors than the normally occurring soluble proteins of the cell. This 
might also suggest the existence of pools within the cell for the protein 
species of the supernatant fraction. That is, the most recently synthesized 
high specific activity proteins might be distinguished from those of the 
identical species synthesized before the addition of radioactivity, and which 
would serve to dilute the specific activity of recently completed proteins 
that had been newly released.‘ The relatively high specific activity of the 


4 It has been observed in two experiments that, when the specifie activity of th> 
free aspartic acid pool has been lowered in a mince incubation, the specific activity 
of aspartic acid in the hexapeptide, liberated from ovalbumin by B-subtilisin, is cor- 
respondingly lowered even though the lowered specific activity of the free aspartic 
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cell debris fraction appears to be due largely to these newly synthesized 
proteins and to particulate material, a small amount of which is liberated 
upon homogenization and which, when obtained by high speed centrifu- 
gation, also has higher specific activity than the cell debris itself. There- 
fore, it is reasonable to expect that, as disruption of the cell debris becomes 
more complete, its specific activity will decrease. 

In the postincubation the total activity of the cell debris initially de- 
creases, but there appears to be a slower process leading to an increase of 
total radioactivity in the cell debris. The net result is that in several 
postincubations the total radioactivity of the proteins of the system actually 
increased under conditions whereby free amino acids were undergoing only 
negligible incorporation (7). 


TaBLeE VII 


Specific Activity of Supernatant Proteins Released by 
Incubation of Prelabeled Cell Debris in Buffer 


Specific activity of Specific ——, of ific activity of 
Radioactive aminoacid in preincubation cell debris at end ppt. at ppt. released 

of preincubation end of in postincubation 
Glycine-1,2-C™.............. 111 | 116 195 
40 110 
pL-Alanine-1-C™............. 167 163 134* 230 264* 


* Precipitated after cell-particulate matter was first removed with the ultra- 
centrifuge. 


DISCUSSION 


The scheme under consideration proposes that amino acids are first 
incorporated into the cell debris and subsequently released to the cell- 
supernatant proteins in the form of normal cytoplasmic protein components 
of this tissue (which include the secretory proteins). This possibility is 
suggested by a study of the relative kinetics of labeling of the cell debris and 
supernatant proteins of hen oviduct minces (2). The present work is 
concerned with the passage of radioactivity from cell debris to supernatant 
proteins. This transfer has been observed in experiments with the amino 
acids glycine, valine, alanine, and phenylalanine. It has also been ob- 
served that in a number of instances the addition of CoA, ATP, GTP or 
GDP, and PEP exerted a stimulatory effect. The last three components 
mentioned have been shown by Keller and Zamecnik (8) to be involved 
in the incorporation of amino acids into microsomal proteins in a system 


acid pool is still well above the specific activity of the aspartic acid isolated from the 
hexapeptide. This fact could be explained in terms of a higher specific activity pool 
of ovalbumin in more direct contact with free aspartic acid. 


ct 
S- 
e 
| 
e 
e 
e- 
of 
h 
e 


560 RADIOACTIVE PROTEINS OF OVIDUCT 


obtained from liver. CoA was tested by Zamecnik and Keller (9) and 
found to have no effect. In addition to the fact that different systems 
were being studied, it may be important that the level of CoA usually 
employed in these experiments was 100 units per ml., whereas they had 
used 24 units per ml. Increasing the level to 200 units per ml. in the hen 
oviduct system provided additional stimulation. This effect of CoA is, 
at present, unexplained. The radioactivity involved in this phenomenon 
appears to be contained in normal protein components of the cytoplasm 
which have a higher average specific activity than the corresponding pro- 
teins at the close of the preincubation. This increased specific activity 
cannot be due to subsequent incorporation of free amino acid because free 
amino acids are essentially inert in this system and because the free amino 
acids were 99 per cent removed by the washing procedure for the cell 
debris before the postincubation. Whether the radioactivity is in the 
form of proteins that were completed before the postincubation or of a 
mixture of such preformed proteins and others completed during the post- 
incubation is immaterial in consideration of the postulated sequence of 
events. The cofactors may exert their influence on the release of fully 
formed proteins or on actual synthetic steps. Support of the latter possi- 
bility is found in the observation that there is an actual increase of protein- 
incorporated radioactivity during the postincubation (7). 

The concept that microsomal material appears to be directly involved 
in the formation of specific soluble proteins characteristic of a particular 
tissue has received further support from the work of Rabinovitz and 
Olson (10, 11), and Peters (12). 

The observations reported here and elsewhere (2, 3, 7) support the 
following picture for the process of amino acid incorporation into the super- 
natant proteins of the hen oviduct. 


Free amino acid — | precursor stage — cell debris protein | — supernatant 
< cell debris fraction - > proteins 


< homogenate reaction > 


SUMMARY 


1. Hen oviduct loses essentially all of its ability to incorporate free 
amino acids upon homogenization. 

2. A radioactive cell debris fraction obtained from a mince preincubated 
with free amino acid serves as a source of radioactivity for the proteins 
of the supernatant fraction. 

3. The release of radioactivity from prelabeled cell debris is stimulated 
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by coenzyme A, adenosine triphosphate, guanosine triphosphate, and 
phosphoenolpyruvic acid. 

4. The radioactivity released is in the form of the normally occurring 
supernatant proteins of this tissue. These have higher specific activities 
than the corresponding proteins at the end of the preincubation. 

5. The possibility that components of the cell debris represent inter- 
mediate stages between free amino acid and soluble protein in this tissue is 
discussed. 
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THE EFFECT OF AUDIOGENIC SEIZURES IN RATS ON THE 
ADRENAL WEIGHT, ASCORBIC ACID, CHOLESTEROL, 
AND CORTICOSTEROIDS 


By IRMA W. DUNCAN 
(From the Department of Chemistry, University of Denver, Denver, Colorado) 


(Received for publication, June 3, 1957) 


These experiments augment the investigations of adrenal hypertrophy 
in rats after audiogenic seizures reported by D’Amour and Shaklee (1). 
Rats were killed after single and repeated audiogenic seizures and the 
adrenals weighed. Ascorbic acid, cholesterol, and corticosteroids in 
the adrenals were determined colorimetrically. The data presented 
indicate that audiogenic seizures are stressful stimuli, followed by a pattern 
well documented (2), z7.e. increase in the secretion of corticosteroids and 
the adrenal weight and a temporary decrease in the adrenal ascorbic acid 
and cholesterol. 


Methods 


The experimental animals were female albino rats. Those having a 
seizure upon a single auditory test stimulation are defined as susceptible. 
Those not having a seizure upon a single auditory test stimulation are 
defined as non-susceptible. Seizures were induced by placing rats in- 
dividually in a 25 liter pressure cooker with a glass cover and an enclosed 
bell. The bell rang continuously or for a maximum of 2 minutes until 
the animal had a convulsion. After the specified number of consecutive 
one a day seizures, animals were killed with chloroform and the adrenals 
immediately weighed after careful dissection. 

One adrenal, immediately after being weighed, was placed in cold 3 
per cent metaphosphoric acid in 15 ml. centrifuge tubes, crushed with 
the end of a stirring rod, and placed in an ice bath. Within an hour, 
the tissue extraction was completed, and the extracts were refrigerated 
until the ascorbic acid was determined by the reduction of 2,6-dichloro- 
phenol-indophenol by the procedure of Bessey and King (3). These 
analyses were completed within 5 hours after the death of the animal. 

The other adrenal, immediately after being weighed, was placed in 
cold chloroform in a 10 ml. test tube and triturated with the flattened end 
of a glass stirring rod. This was refrigerated until the extraction and 
cholesterol determination could be completed, which was within 4 days. 
The color with concentrated sulfuric acid and acetic anhydride was de- 
veloped according to the procedure of Kingsley and Schaffert (4). 
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The chloroform extract, remaining after the aliquots for the cholesterol 
estimation were obtained, was divided into two equal portions in ? by 6 
inch test tubes and evaporated to dryness under reduced pressure at 
40°. To measure the corticosteroids, reduction of phosphomolybdiec acid 
by the residue was performed according to Heard and Sobel (5). Hy- 
drocortisone was used as the standard. 

In a preliminary experiment, the adequacy of extraction of the adrenals 
by the procedures used was tested by a second extraction of 10 residues 
obtained from five pairs of adrenals. The colorimetric determinations for 
vitamin C, cholesterol, and corticosteroids were repeated with the second 
extracts. These assays indicated that the residues did not contain amounts 
of vitamin C, cholesterol, or corticosteroids which were measurable by 
the methods described. 

The intensity of the colors was measured by a Bausch and Lomb mono- 
chromatic colorimeter which had interference filters and a sample space 
adapted to accommodate a tube containing as little as 4 ml. 

The investigations were divided into three series of experiments, varying 
in the total number of seizures and the time interval between seizures 
and death. The experiments were carried out during a 43 month period 
and a total of 99 animals was used. The rats in the susceptible group 
were randomly selected for the specified number of seizures with the fol- 
lowing exception in the second series of experiments. Any rat that failed 
to have a seizure was killed and analyzed if the number of seizures fell 
within a desired specified time interval. Thus a rat which failed on the 
llth day became a ten seizure rat. This was necessary for only four 
rats, and the tests were performed 4 to 5 hours before the animal was 
killed so that any effect of the stress due to the test itself should have 
diminished. In the entire experiment, only six rats had to be discarded 
because of failure to have the desired number of seizures. 


Results 


The means of the data obtained and the results of statistical analysis 
are reported in Tables I to III. ‘Corticosteroids’ are defined as chloro- 
form-soluble reducing substances. 


DISCUSSION 


The results of the three series of experiments are consistent, though 
not strictly comparable because of the difference in time interval between 
the seizures and death, the weights of the rats, and possibly even the season 
of the year. The data of the third series are consistent with the fall and 
rise of adrenal cholesterol and ascorbic acid after hemorrhage reported by 
Sayers et al. (6). A comparison of the data of the three series suggests 
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that the pattern after each stress is similar, a marked decrease in the 
ascorbic acid and cholesterol at the time when the maximal secretion of 
corticosteroids is occurring, followed by a return toward the control level. 
Ascorbic acid rises and falls more rapidly than cholesterol, as mentioned 


TaBLe I 


Means of Adrenal Analyses of Rats Killed 30 Days or 
15 Minutes after Audiogenic Seizures 


Interval Adrenal weight Cholesterol Ascorbic acid “Corticosteroids” 
No. of | between last 
seizures | seizure and 
death S.d. S.d. S.d. S.d. 
mg. per 100 y per 100 > per 100 
bod meg. per 100 
| me. adrenal adrenal 
0* 30 24.2 2.95 | 4.49 0.74 | 359 31.9 28 2.83 
It 30 22.4 4.7 4.08 0.78 | 361 42.4 32 10.0 
min 
1 15 23.2 6.12 | 3.69 0.32 | 387 51.7 71f 21.8 
10 15 32.1§ | 4.13 | 2.90) | 0.54 | 223§ | 28.2] | 26.9 
20 15 29.69 | 6.32 2.87% | 0.40 308 34.2 8149 20.7 


There was a total of 53 animals in five approximately equal groups, with mean 
body weights of 180 to 202 gm. Because of a suggestion that the adrenal weights of 
non-susceptible animals may differ significantly from those of susceptible animals 
(1), the controls used in this group were all one seizure animals killed 30 days after 
the seizure. The non-susceptible and the one seizure animals killed 30 days after 
the seizure showed no significant difference in the chemical measurements. There- 
fore, for the chemical analyses, non-susceptible animals were used as controls in the 
second and third series (Tables II and III). Individual ascorbic acid determina- 
tions were made on half of the animals in each group. Some of the cholesterol and 
corticosteroid determinations were performed on tissue pools varying in number. 
The degrees of freedom for statistical analysis were computed accordingly. 

S.d., unbiased estimate of population standard deviation. 

* Non-susceptible animals tested 30 days before death. 

t Control. 

< 0.02. 

§ P < 0.001. 

| P < 0.05. 

q P< 0.01. 


by others (6). The corticosteroids do not return to the control level as 
easily as do the ascorbic acid and cholesterol. 24 hours after the last of 
five and ten repeated seizures, the cholesterol and ascorbic acid, respec- 
tively, are lower significantly than the controls, but 24 hours after fifteen 
and twenty seizures these values are not different significantly from the 
controls. In the same group of rats, the corticosteroids increase steadily 
with the number of seizures and are different significantly from the controls 
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TABLE II 


Means of Adrenal Analyses of Rats Killed 24 Hours 
after Varying Number of Audiogenic Seizures 


Adrenal weight Cholesterol Ascorbic acid ‘“*Corticosteroids” 
No. of seizures’ 
S.d. S.d. S.d. S.d. 
27.4 2.35 3.51T 0.53 356T 35.7 59t 15.5 
1 30.6T 3.05 3.27 0.61 332 43.6 65 16.8 
5 32.4 5.15 2.28f 0.51 299 70.5 74 13.9 
10 31.9 2.43 3.29 0.54 269§ 74.5 70 13.7 
15 33.3 1.93 3.74 0.46 316 68.0 81§ 12.4 
20 35.8|| | 2.34 | 3.28 0.50 | 363 70.5 | 101\| | 24.6 


There were five animals in each of the six (0 to twenty audiogenic seizures) groups. 
Analyses of all the tabulated measures were made on each animal. The mean body 
weights were 132 to 169 gm. 

S.d., unbiased estimate of population standard deviation. 

* Non-susceptible animals, tested 1 week before death. 

t Control. 

tP < 0.01. 

§ P < 0.05. 

|| P < 0.02. 


TABLE III 


Means of Adrenal Analyses of Rats Killed within 
24 Hours after One Audiogenic Seizure 


Adrenal weight Cholesterol Ascorbic acid “Corticosteroids” 
Time between 
test and death 
S.d. S.d. S.d. S.d 
24t 25.6 5.67 4.71 1.04 369 45.4 79 14.4 
1 23.8 1.1 4.40 0.54 217f 68.0 356f 108.0 
4 28 .7 3.7 4.94 0.48 300 65.6 439§ 44.4 
24 27.8 3.48 5.07 0.46 372 29.3 82 31.3 


There were four rats in each of the four time intervals. The mean body weights 
varied from 167 to 190 gm. Analyses of all measures were performed on each animal. 

S.d., unbiased estimate of the population standard deviation. 

* Because the 1 and 4 hour groups had variances significantly different from the 
control, the mean difference was tested by the Welch technique as given by Walker 
and Lev (9). 

t Control (non-susceptible animals tested 24 hours before death). 

tP < 0.02. 

§ P < 0.005. 
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after fifteen and twenty seizures. The first series is consistent with 
the second, though the changes in the chemical constituents are significant 
after a different number of seizures. This is due to the combined effect 
of the acute stress (as demonstrated in the third series) and the repeated 
stress (as demonstrated in the second series). The increase in “resting” 
corticosteroid secretion with repeated audiogenic seizures parallels the 
hypertrophy of the adrenal glands. The adrenal hypertrophy is similar 
to that reported before (1). The small magnitude of the weight change 
makes the weight a less sensitive test for stress than the chemical constit- 
uents in the acutely stimulated adrenal. 

The magnitude of change in the chloroform-soluble reducing substances is 
greater than that of the other constituents in both the single and repeated 
seizures. Even the control levels are high when compared with published 
adrenal assays (7, 8). The functional groupings responsible for the re- 
duction of the phosphomolybdic acid may be on non-steroid or non- 
hormone compounds. The highest values for ‘corticosteroids’ were 
obtained in the 1 and 4 hour time intervals after one seizure, a time when 
there may be also an increased secretion of adrenalin, a vigorous reducing 
substance. However, the rats in the second series were killed 24 hours 
after the last seizure and therefore the acute stress should have been no 
greater than that of the controls. Thus the increase in chloroform-soluble 
reducing substances with repeated audiogenic seizures in the second series 
is interpreted as an increase in corticosteroids. Chromatographic assays 
are planned so that a better estimation of corticosteroids may be made. 

It is recognized that all the rats were stressed by the chloroform. How- 
ever, since the controls were also thus stressed, the difference in values 
is due to the audiogenic seizure. 


The author sincerely thanks Dr. Fred D’Amour for administering the 
auditory stimulations and dissecting the adrenals, and Dr. Alfred B. 
Shaklee for aid in the use of statistical formulas. Acknowledgment is 
also due The Upjohn Company for supplying the hydrocortisone. 


SUMMARY 


Rats were killed after single and repeated one a day audiogenic seizures. 
The adrenals were weighed and analyzed for ascorbic acid, cholesterol, and 
corticosteroids. <A significant decrease in the ascorbic acid was obtained 
1 hour after one seizure. A significant increase in corticosteroids was 
obtained 1 and 4 hours after one seizure. In the adrenals of rats killed 
24 hours after the last of five and ten seizures, there were significant de- 
creases in the cholesterol and ascorbic acid, respectively. Animals in 
this group did not show significant differences from the controls in cho- 
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lesterol or ascorbic acid after fifteen or twenty seizures. The same group 
showed significant increases in corticosteroids after fifteen and twenty 
seizures and in adrenal weights after twenty seizures. In another group 
the ten and twenty seizure rats showed significant adrenal weight increase. 
Adrenal hypertrophy and an increase in “‘resting’’ secretion of ‘““chormones” 
were thus demonstrated as responses to repeated stress. Decreases in 
cholesterol and ascorbic acid and increase in corticosteroids were thus 
demonstrated as acute responses to stress. 
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NON-STEROID OVARIAN HORMONES 


II. AN IMPROVED METHOD FOR THE PREPARATION OF RELAXIN* 


By EDWARD H. FRIEDEN ann NOEL W. LAYMAN 


(From the Arthritis Research Laboratory, The Boston Dispensary, and the 
Cancer Research and Cancer Control Unit, Department of Surgery, 
Tufts University School of Medicine, Boston, Massachusetts) 


(Received for publication, June 3, 1957) 
In 1950, Frieden and Hisaw (2) described a method for the isolation of 


- relaxin from the ovaries of pregnant sows. This method, which involved 


extraction of ground whole ovaries with 5 per cent aqueous NaCl, fractiona- 
tion with ethanol, and finally precipitation with acetone, afforded good 
yields (200 to 250 GPU' of relaxin per gm. of fresh tissue), and material 
of satisfactory potency (30 to 90 GPU per mg.). The method could be 
applied with equal success to acetone-dried ovarian powder. 

The salt-alcohol procedure possessed two major disadvantages: first, 
with either whole ovaries or acetone-dried powder, separation of the residue 
from the 5 per cent saline extract required a tedious centrifugation; second, 
the large volumes of solutions which ultimately resulted limited the amount 
of material which could be handled conveniently in most laboratories. 

From time to time during the past 6 years, efforts have been made to 
improve the extraction procedure, both as to quality of product and 
convenience of manipulation. A number of different solvents have been 
employed for the first extraction step, including water-saturated phenol, 
pyridine, and acid acetone; these methods generally afforded low yields 
of relaxin with no conspicuous improvement in handling or product. The 
technique of Payne et al. (3) of extraction with glacial acetic acid at 70° 
and then precipitation with acetone and ether gave excellent yields of 
relaxin from acetone-dried ovarian powder; the low potency of the final 
product, however, discouraged its further utilization. Good yields could 
also be obtained by extracting the powder with 6 m urea, fractionating 
the extract with alcohol, and precipitating the relaxin with acetone; 
the product was, however, no more active than that obtained when salt 
solution was used as the initial extractant. 


* Supported in part by a research grant (No. RG-4402) from the National Insti- 
tute of Arthritis and Metabolic Diseases, United States Public Health Service. 

For the first paper in this series, see Frieden, E. H., Noall, M. W., and Alonso- 
de Florida (1). 

1 The following abbreviations are used: GPU, guinea pig unit; A, distribution 
coefficient (relaxin in upper phase divided by relaxin in lower phase); TCA, tri- 
chloroacetic acid; URF, uterine-relaxing factor. 
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In the course of investigations of the solvent distribution behavior of 
relaxin (4), it was observed that in the system 2-butanol-1 per cent TCA 
(pH of the lower phase = 2.0) relaxin was concentrated in the organic 
phase; it was observed further that the AK for this system was sharply 
dependent upon the TCA concentration. Thus, in the above system, K 
was approximately 3.0. When the TCA concentration was reduced to 
0.1 per cent (pH of lower phase = 2.6), K decreased to 0.3 to 0.4, whereas 
little or no protein was extracted from aqueous solutions near pH 7 by 
2-butanol. Accordingly, the possibility of using 2-butanol saturated with 
1 per cent TCA for extraction of relaxin from acetone-dried ovarian powder 
was explored. It has, in fact, been found that a relaxin preparation of 
high specific activity may readily be isolated from such an extract. A 
description of the method, together with that of the properties of the 
product, constitutes the substance of this report. 


EXPERIMENTAL 


All of the experiments were performed with a single lot of acetone- 
dried powder from whole ovaries of pregnant sows generously supplied 
by the Armour Laboratories. Reagent grade chemicals were used without 
further purification. Estimates of the protein content of various fractions 
were based upon measurements of the optical density at 280 my; nitrogen 
was determined by a micro-Kjeldahl method. 

Relaxin assays were performed as previously described (2), except that 
intact, rather than ovariectomized, guinea pigs were used. In order to 
minimize the effects of changes in guinea pig sensitivity (5), assays were 
checked at intervals against a suitable reference standard. URF activity 
was measured by the method of Krantz, Bryant, and Carr (6).? 


Results 


The procedure as finally developed is outlined in Fig. 1. Relaxin is 
sufficiently stable to permit all the operations to be carried out at room 
temperature (22-26°). The following details are pertinent: (a) The sol- 
vent for the first extraction was prepared by shaking equal volumes of 
2-butanol and 1 per cent aqueous TCA. The upper phase was used after 
separation. (b) Separation of the butanol extract from the inactive 
residue was accomplished most conveniently by filtration through What- 
man No. 5 paper on a Biichner funnel under reduced pressure. (c) When 
the combined bicarbonate extract was brought to pH 6.8, a dark brown, 
gummy precipitate appeared; this was removed by gravity filtration. 
(d) The addition of alcohol to the filtrate at pH 6.8 removed comparatively 


2 We are indebted to Dr. H. H. Bryant, of the research laboratories of Hynson, 
Westcott, and Dunning, Inc., Baltimore, Maryland, for these assays. 
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little material. The procedure could probably be improved by dialyzing 
the filtrate at pH 6.8 against an equal volume of alcohol rather than by 


ACE TONE-DRIED 
OVARIAN POWDER 
(100 Gm.) 


HOMOGENIZED WITH 1500 Mi. 
BUTANOL (SATD. WITH I% TCA) 


STIRRED OVERNIGHT 


FILTERED 
RESIDUE FILTRATE _ 
REEXTRACTED WITH 
500 MI. BuOH-TCA 
RESIDUE FILTRATE 
DISCARD V=1700 MI. (100%) 
5.5 Gm. NOHCO, ADDED 

EXTRACTED 3x WITH 170 MI. M/2 
WITH BuOH) 

EXTRACT 

SOLUTION 

FILTERED DISCARD 
R 
DISCARD V=650 ML(25%) 
HOAc TO pH6.8 

FILTERED 

R 

DISCARD V=650 Mi. (18 %) 
650 MI.95% EtOH ADDED 
FILTERED 


V2 1250 MI1.(IS%) oistarD 


EVAPD. TO 250 Mi. 
POURED INTO S VOLS. ACETONE 
DECANTED 


SUPERNATANT DISCARDED, RESIOUE 


DISSOLVED IN WATER 
DIALYZED, LYOPHILIZED. (4%) 


Fic. 1. Flow sheet for the preparation of relaxin from 100 gm. of acetone-dried 
ovarian powder. The figures in parentheses refer to the per cent protein remaining. 


adding alcohol to the filtrate. This would increase the amount of inactive 
material removed at this point and would diminish substantially the volume 
of solution to be handled subsequently. 
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The method described has been applied with uniform success to quanti- 
ties of acetone-dried powder ranging in amount from 100 to 500 gm. 
Data for six preparations, including yields, nitrogen content, and relaxin 
activity, are summarized in Table I. Some of the variation in potency of 
the final product appears to be due to incomplete dialysis, as indicated by 
a narrower range of potencies when these are calculated according to nitro- 
gen content. More extensive dialysis, or vigorous agitation during over- 
night dialysis against running tap water, has been found to result in prepa- 
rations of more uniform potency. If the total available relaxin of the 
starting material is taken as 1200 GPU per mg.,* the yields range from 
60 to 100 per cent, averaging about 90 per cent. 

Of the six relaxin preparations described above, five have been assayed 
for URF activity. All of these have been found to be very active, with 


TABLE I 
Properties of Relazin Preparations 


Preparation No. a ied Yield of product Nitrogen Relaxin content 
gm. meg. 100 per cent GPU per mg. 
150 100 380 380 12.0 300 1150 
151 200 900 450 10.8 250 1200 
153 200 1700 850 9.4 100 850 
154 500 3100 620 11.3 150950 
155 100 720 720 6.9 — 100 750 
157 400 2350 590 13.9 250 1400 


minimal effective doses, in the guinea pig assay in situ, of 0.003 to 0.001 
mg. (330 to 1000 URI units per mg.). Total yields averaged about 
3000 URF units per gm. of acetone-dried powder, corresponding approx- 
imately to the yields obtained by the salt-alcohol method. 


SUMMARY 


A new technique for the preparation of relaxin from acetone-dried sow 
ovary powder, based upon extraction with 2-butanol saturated with 1 per 
cent aqueous trichloroacetic acid, is described. By this method, relaxin 
preparations which assay 100 to 300 guinea pig units per mg., with recov- 
eries averaging 90 per cent, are readily obtained. 
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3 Based upon the relaxin recovered when a saline extract of the powder is concen- 
trated according to the method of Albert and Money (7). 
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METABOLISM OF ESSENTIAL FATTY ACIDS 
VII. CONVERSION OF y-LINOLENIC ACID TO ARACHIDONIC ACID* 


By JAMES F. MEAD anp DAVID R. HOWTON | 


(From the Atomic Energy Project, School of Medicine, University 
of California, Los Angeles, California) 


(Received for publication, July 12, 1957) 


Experiments conducted in this Laboratory have demonstrated that, 
in the animal body, arachidonic acid is formed by the addition of the 2 
carbon atoms of acetate to the carboxyl group of linoleic acid and by the 
removal of 4 hydrogen atoms to form two additional double bonds (1, 2). 
The sequence of these three events, however, remained to be established. 
A completely unprejudiced scheme for these transformations would have 
to take into consideration the several possible pathways illustrated in 
Fig. 1. However, some evidence is available which should aid in deter- 
mining the most probable first step of the process. Thus, homolinoleic 
acid was reported by Karrer and Koenig (3) to be devoid of essential 
fatty acid activity and by Thomasson (4) to possess about 40 per cent 
of the activity of linoleic acid. Moreover, Thomasson reported that 
y-linolenic acid was fully as active as linoleic acid. Hence, inasmuch as an 
intermediate in such a conversion should possess at least the activity of its 
immediate precursor, the pathway from I to II is definitely favored over 
that from I to III. 

For these reasons carboxy-labeled y-linolenic (6,9 ,12-octadecatrienoic) 
acid was prepared, and its metabolic transformations after ingestion by | 
rats were followed. 


EXPERIMENTAL 


Methyl acid was isolated from the 
seeds of Oenothera lamarckiana in the manner described by Riley (5) for 
Oenothera biennis. Extraction of the seeds yielded 25 per cent of oil, 
from which was obtained, after saponification of the oil and bromination 
of the liberated fatty acids, a 7 per cent yield of hexabromostearic acid of 
m.p. 201—202°. This material was converted to methy] y-linolenate-1-C"“ 
by Dr. J. C. Nevenzel of this Laboratory by methods (to be published) 
similar to those used in preparing methyl linoleate-1-C™ (6). 

Treatment of Animals—To each of four male albino rats (300 + 50 gm.) 

* This paper is based on work performed under contract No. AT(04-1)-GEN-12 


between the Atomic Energy Commission and the University of California at Los 
Angeles. 
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were administered about 170 mg. of a mixture of 20 per cent methyl y- 
linolenate-1-C™ (1.4 X 105 d.p.s. per mg.) and 80 per cent corn oil (total 
administered activity, about 5 X 10° d.p.s. per rat). After 4 hours the 
rats were killed, and their livers, kidneys, hearts, spleens, and abdominal 
depot fat were pooled and frozen at once. 

Isolation and Separation of Fatty Acids—The organs and depot fat were 
lyophilized and extracted in the usual manner (1, 2) to obtain the total 
fat (16.5 gm.), which was saponified to give a total of 16.25 gm. of mixed 
fatty acids. The fatty acids were crystallized from acetone at —20° to 


A 


ML. 00985 N METHANOLIC KOH 


.000 
FRACTION 40 50 60 70 80 90 10 
(25ML) | } A6O | 
Fig. 2. Reversed phase separation of fatty acids from fraction F-3 (acetone-solu- 
ble at —60°); A, linoleic peak; B, oleic peak. Solvents (A-50, etc.) were composed 
of mineral oil-saturated acetone-water mixtures containing the volume per cent 
acetone indicated by the number. 


give precipitate I’-1 (4.95 gm.) and then at —60° to give precipitate I-2 
(8.55 gm.) and soluble fraction I’-3 (2.25 gm.), a concentrate of fatty acids 
more highly unsaturated than oleic acid. Samples of each fraction were 
chromatographed on the reversed phase column and were then hydroge- 
nated and again chromatographed for complete separation and identifica- 
tion of all principal fatty acids as described previously (7). Fig. 2 depicts 
the resolution of fraction F-3, and Fig. 3 shows that of the mixture of acids 
obtained by hydrogenation of material from the principal fraction (cor- 
responding chromatographically to palmitoleic, linoleic, arachidonic, and 
more highly unsaturated fatty acids of longer chain length) of the F-3 
chromatogram. 

Degradation of Arachidic Acid—The arachidic acid (65.3 mg.) isolated 
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from the Ceo fraction (Fig. 3) as previously described (1) was diluted with 
559.6 mg. of inactive arachidic acid, and a portion (322.0 mg.) of the 
diluted acid was degraded by the method of Dauben et al. (1, 8) to margarie 
acid and three successive samples of benzoic acid, the carboxy carbon of 
which represented carbon atoms 1, 2, and 3, respectively, of the original 
arachidonic acid. 

The activity (540 d.p.s. per mmole) observed in the benzoic acid rep- 
resenting the 2nd carbon atom of arachidiec acid was over twice as great 
as that from the first. That such an anomalous figure might reflect 
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Fic. 3. Reversed phase separation of saturated fatty acids derived by hydro- 
genation of the linoleic fraction shown in Fig. 2. 
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contamination by the highly active 3rd carbon atom (a consequence of the 
formation of some stearic acid in the Dauben degradation of arachidic to 
nonadecanoic acid) was confirmed in the following way. A second sample 
of nonadecanoic acid was prepared, as before, but was carefully freed from 
possible traces of stearic acid by reversed phase chromatography' before 
further degradation. The benzoic acid obtained from this homologue-free 
sample of the Cig acid was only about 10 per cent as active as the earlier 
preparation (55 d.p.s. per mmole). The suspicion that some over deg- 


! Inasmuch as this operation, unlike all others employed in the degradation, was 
homologue-discriminating, it became necessary to determine the homogeneity of 
the arachidic acid used to dilute that isolated from the animals. By reversed phase 
chromatography, this material was shown to contain 2.6 moles per cent of stearic 
acid. (The authors are indebted to Mr. Sam Hashimoto for this analysis.) 
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radation (about 3 per cent under conditions usually employed) occurs in 
the Dauben procedure was thus substantiated; a postulated mechanism 
of the anomalous side reaction which results in the removal of 2 carbon 
atoms from the fatty acid chain is currently under investigation. 

Isolation of Linoleic Acid—Since it was suspected that the stearic acid 
(Cis (Fig. 3)) derived from linoleic acid might contain some stearic acid 
derived from a small amount of the very active fed y-linolenic acid, a 
sample of linoleic acid was isolated from fraction F-2 (insoluble in acetone 
at —60°), which contained no more highly unsaturated fatty acids. About 
8 gm. of this fraction were brominated in ether by the usual procedure. 
No insoluble polybromide was observed. Tetrabromostearic acid was 
isolated by evaporation of the ether solution and treatment of the residue 
with several portions of pentane. Crystallization of the pentane-insoluble 
fraction from acetone gave 1.25 gm. of tetrabromostearic acid, m.p. 114.5— 
115.2°. A portion of this bromide was hydrogenated in dilute alcoholic 
potassium hydroxide over 5 per cent palladium black on charcoal (6), 
and the stearic acid thus obtained was crystallized from acetonitrile and 
from petroleum ether for counting. 


RESULTS AND DISCUSSION 


The weights and activities of the crude fatty acid fractions are shown 
in Table I. As expected, most of the activity is in the polyunsaturated 
fraction, F-3. 

In Table II are shown the activities of the various fatty acid fractions 
separated by chromatography. The high activity of the arachidonic 
acid as compared with that of the other fractions indicates that the y- 
linolenic acid fed was incorporated into the arachidonic acid molecule 
almost exclusively. The activity of the linoleic acid from F-3 is un- 
doubtedly the result of contamination by a very small amount of the 
original y-linolenic acid, since the linoleic acid derived from [F-2, which 
should not have contained any of this contaminant, had a much lower 
activity. A comparison of the activities of palmitic and stearic acids 
with those of palmitoleic, oleic, and linoleic acids strongly suggests that 
y-linolenic acid is not hydrogenated stepwise to stearic acid in vivo. The 
evidence may indeed be interpreted to show that palmitic and stearic acids 
are formed first by condensation of labeled acetate, produced by 8 oxida- 
tion of y-linolenic acid, and that these acids are then dehydrogenated to 
palmitoleic and oleic acids, respectively. The behenic acid is probably 
derived from docosapentaenoic acids formed by further transformation of 
arachidonic acid. 

In Table III are shown the activities of degradation products of the 
arachidic acid. The high activity in carbon 3 is consistent with the evi- 
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dence from Table II that y-linolenic acid is transformed almost exclusively 
into arachidonic acid. The very low activity in carbon 1 confirms the 
evidence from the similarly low activity of other fatty acids that little 


TABLE [ 
Weights and Activities* of Lipide Fractions from 1-C-y-Linolenate-Fed Rats 
Weight Specific activity 
gm. d.p.s. perme. 

Fatty acid fraction I, acetone-insoluble at 

Fatty acid fraction II, acetone-insoluble at 

Fatty acid fraction III, acetone-soluble at 


* Counting of all fractions was performed with a Tracerlab CE-1 liquid scintilla- 
tion counter operating at 50.0 + 1.5 per cent efficiency. The scintillation medium 
was 50 ml. of toluene (reagent) containing 4.029 gm. of 2,5-diphenyloxazole and 
0.155 gm. of phenyloxazol reagent (scintillation grade; Arapahoe Chemicals, Inc., 
Boulder, Colorado) per liter at 20°. All the counts were corrected by comparison 
with a standard. 

t The adverse effect of the presence of traces of highly colored substances in the 
crude fat upon the efficiency of the scintillation count is considered to be responsible 
for this obviously low activity (compare the activity of the colorless total fatty 
acids obtained in high weight vield from this fat). 


TABLE IT 
Activities of Fatty Acids from y-Linolenate-Fed Rats 
Fraction Acid component Specific activity 
| d.p.s. per mg. 
Palmitice 1.9 
Stearic 2.5 
F-2 Oleic 0.37 
Linoleic 0.63 
F-3 Palmitoleic 0.45 
Linoleic (contaminated by y-linolenic) 50.7 
Arachidonic 785 
Docosapentaenoic and docosahexaenoic 14.9 


degradation of y-linolenic acid (to acetate) occurs before incorporation 
of the intact molecule into arachidonic acid. This was not the case with 
either linoleic (1) or linolenic (9) acid. 
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The over-all distribution of label in arachidic acid is indicated below: 


3 2 1 


Per cent total activity , D 97.4 0.3 1.1 


The conversion of one fatty acid almost exclusively to another in the 
intact animal is probably an almost unique occurrence, and in this case 
strongly supports the hypothesis that y-linolenic acid is an intermediate 
in the conversion of linoleic to arachidonic acid. Although the actual 
isolation of this acid subsequent to the feeding of labeled linoleic acid 
would seem very desirable in order to corroborate its role as an intermediate, 
this will not be easily accomplished for two reasons. First, linolenic 


TaBLeE III 
Activities of Fractions from Degradation of Arachidic Acid 
from y-Linolenate-Fed Rats 


Fraction Total activity 


(d.p.s. per mmole) 


Margaric acid (from arachidic acid by removal of 3 carbon atoms). . 220 


* Corrected for the presence of a small amount of stearic acid in cold arachidic 
acid used to dilute the original sample before degradation. See the text, footnote 1. 

t Corrected for assumed 2.8 per cent contamination by benzoic acid derived from 
carbon atom 4. See “Degradation of arachidic acid.” 


acid, which cannot be cleanly separated from the positionally isomeric 
y-linolenic acid by any presently available technique, is a part of the nor- 
mal diet. Second, as has been shown previously (7) and as is evident from 
the present experiments, the conversion of the linolenic acids to the higher 
unsaturated acids is so rapid and complete that only trace amounts can 
be isolated from the animal body, even very shortly after their ingestion. 
Experiments now being conducted in this Laboratory are designed to solve 
this problem and to identify the second intermediate (with some confi- 
dence in light of the present work presumed to be homo-y-linolenic acid 
V (Fig. 1)) in the conversion of linoleic to arachidonic acid. 


SUMMARY 


Methyl] y-linolenate-1-C“ was fed to rats, and the fatty acids of depot 
and organ lipides of the rats were separated chromatographically and 
counted. The sole highly active fatty acid was arachidonic, which, after 
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hydrogenation and degradation in three steps, was found to have 97 per 
cent of the activity in carbon atom 3. Theseresults support the hypothesis 
that y-linolenic acid is an intermediate in the conversion of linoleic acid 
to arachidonic acid. 
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A RAPID METHOD FOR PURIFICATION AND QUANTITATIVE 
ESTIMATION OF PROGESTERONE FROM LUTEAL TISSUE* 


By ROBERT G. LOY,f W. H. McSHAN, anv L. E. CASIDA 


(From the Departments of Genetics and Zoology, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, May 24, 1957) 


Investigations of certain problems in animal reproduction require that 
data be obtained on the progesterone content of corpora lutea in individual 
animals. A rapid and reliable method of chemical analysis is required, 
since a relatively large number of determinations are necessary in order 
to evaluate properly the variation among individual animals. 

Methods reported in the literature include those of Pearlman and Cerceo 
(1) and Noall et al. (2) for the detection, estimation, and isolation of pro- 
gesterone from the placenta, of Butt e¢ al. (3) for the estimation of pro- 
gesterone from blood, of Edgar (4) for the determination of progesterone 
from blood and tissue, and of Samuels (5), as modified by Wiswell and 
Samuels (6), for estimation of the steroid from liver tissue. 

Attempts by us to apply a slight modification of the method of Wiswell 
and Samuels (6) to extracts of luteal tissue gave unsatisfactory results 
because of interfering substances such as the more polar pigments which 
were not removed by solvent partition. The method reported here, 
however, is based in part on that of Samuels (5) with the introduction of 
modifications which permit a satisfactory estimation of the progesterone 
content of corpora lutea of sows and cows. 


Method 


The corpora lutea! (0.9 gm. to 4.7 gm. of tissue) which were stored in a 
freezer in a small amount of 95 per cent ethanol were chopped finely in a 


* Paper No. 655, Department of Genetics, University of Wisconsin. Published 
with the approval of the Director of the Wisconsin Agricultural Experiment Station. 
This work was done under a cooperative agreement between the Wisconsin Agri- 
cultural Experiment Station and the Dairy Husbandry Research Branch, United 
States Department of Agriculture. It has been supported in part by grants from 
Badger Breeders’ Cooperative, Consolidated Breeders’ Cooperative, East Central 
Breeders’ Cooperative, Southern Wisconsin Breeders’ Cooperative, and Tri-State 
Breeders’ Cooperative. 

t Agent of the Dairy Husbandry Research Branch, United States Department of 
Agriculture. 

‘Sow corpora lutea were made available by H. L. Self, D. W. Waldorf, H. G. 
Spies, and D. R. Zimmerman from other investigations at the University of Wiscon- 
sin. 
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Waring blendor. The ethanol in which the tissue was stored was used to 
make up to a volume of 150 ml. The tissue was transferred and rinsed 
with an additional 150 ml. of ethanol into a flask and refluxed for 1 hour 
on a steam bath. It was allowed to settle and the supernatant liquid was 
decanted through filter paper. The tissue was extracted twice more in 
the same manner with 100 ml. of 95 per cent ethanol each time. Additional 
extractions failed to yield any detectable progesterone. 

The ethanol extracts were combined and evaporated under reduced 
pressure for column adsorption chromatography on aluminum oxide 
(Merck) suitable for chromatographic adsorption. A column was prepared 
by pouring a suspension of 5 gm. of adsorbent in Skellysolve B into a 


ABSORBANCE 


2 4 6 8 10 12 14 16 18 20 
PROGESTERONE &/ML 
Fic. 1. Absorbance at 240 my for various concentrations of pure progesterone 
(@) and standard curve constructed by plotting CDP249 values calculated from ab- 
sorbance values (O). 


chromatography tube 10 mm. in diameter and 250 mm. long. Glass wool 
plugs were used at the bottom and top of the column. All solvents used 
were redistilled. 

The extract was redissolved in 20 ml. of Skellysolve B and applied to 
the column, followed by two 15 ml. volumes used to rinse the flask. The 
column was then developed with 100 ml. of Skellysolve B, followed by 100 
ml. of 5 per cent chloroform-Skellysolve B. A solution of 20 per cent 
chloroform-Skellysolve B eluted all material which had an absorption 
maximum near 240 mu. 

The last fraction was evaporated to dryness under reduced pressure 
and transferred to a separatory funnel with two 5 ml. volumes of petroleum 
ether (b.p. 30-60°) and two 5 ml. volumes of 70 per cent methanol. The 
material was then subjected to an eight transfer countercurrent distribution 
system as described by Pearlman (7) with use of separatory funnels. The 
solvent system was petroleum ether (30 ml.)-70 per cent methanol (10 ml.). 
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The solutions contained in the center five funnels, which theoretically 
contain 93 per cent of the progesterone introduced into the first funnel, 
were combined, evaporated to dryness under reduced pressure, and redis- 
solved in a suitable amount of absolute ethanol, and the absorbance at 
230, 240, and 250 my was determined with a Beckman model: DU spectro- 
photometer. From the absorbance values obtained, corrected absorbances 
due to progesterone at 240 my were calculated by use of the equation 
worked out by Allen (8): CDP20 = ODe0 — + ODe0)/2, where 
CDP240 = calculated absorbance due to progesterone at 240 my and 
ODe30, ODe40, and ODe0 = observed absorbances at 230, 240, and 250 mu, 
respectively. 

Similar CDP24 values were then calculated from absorbance readings 
for varying concentrations of pure progesterone in ethanol and used for 
preparation of a standard curve (Fig. 1). Quantitative estimation of 
progesterone was made by interpolation on the standard curve. 


Results 


When sufficient amounts of tissue from an ovary were available, the 
extract was divided into two aliquots and each was subjected to the 
remainder of the method independently. The results of these duplicate 
analyses, selected at random, are given in Table I. 

The absorption curves from 220 to 260 mu for a typical pair of duplicate 
analyses are shown in Fig. 2. Inspection of the curves between 260 and 
290 mu showed no absorption maximum in this range. 

Fractions from the column, collected before and after the progesterone- 
containing fraction, were run through the countercurrent distribution 
system. Their absorption spectra were determined and are also shown in 
Fig. 2. 

A study of the curves for duplicate samples has shown that they may 
differ one from another in absolute value over part or the entire range 
studied, but their conformation is very similar in the range 230 to 250 mu. 
Use of Allen’s calculation provided estimates of progesterone concentration 
which were generally well within the limits of the error of the method. 
Statistical treatment of all results of duplicate analyses gave a repeata- 
bility figure of 0.79 (P < 0.01). 

The use of Allen’s method of calculation presumes that the absorption 
spectrum of impurities in the wave length range involved approaches a 
straight line. An indication that this is true may be taken from the 
fact that the curves of the two discard fractions from the column approach 
linearity in this region. This is only suggestive, since the impurities of 
the fractions preceding and following do not necessarily have the same 
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absorption spectra as those in the one presumed to contain progesterone. 
In addition, however, the high repeatability of the results seems to justify 
the use of this correction. 


TABLE I 


Results of Duplicate Estimates of Progesterone Content 
and Concentration of Sow Corpora Lutea 


: ; Progesterone estimate Progesterone concentration 
Ovary Tissue equiva- 
lents per estimate 
Experiment 1 Experiment 2 Experiment 1 Experiment 2 
gm. Y 7 y per gm. tissue | y per gm. lissue 
A 2.35 84.0 91.5 35.7 38.9 
B 1.99 66.0 76.5 33.2 38.5 
C 0.85 25.4 25.4 29.8 29.8 
D 1.43 108.0 108.0 75.3 75.3 
K 2.05 213.0 207 .0 103.8 100.8 
F 1.29 53.1 53.1 41.1 41.1 
G 1.14 43.5 45.0 38.2 39.5 
.500 

uJ 

O 

ao 

w ad 

a 

OOF q 
220 230 240 250 260 270 280 290 


WAVE LENGTH, M/Z 


Fic. 2. Ultraviolet absorption curves for analyses of aliquots of a single luteal 
extract (X, O) and for discard fractions from the chromatography column (@, 5 per 
cent chloroform in Skellysolve B; 0, 100 per cent chloroform). The discard fractions 
correspond to the curve (X). 


Recovery of samples of pure progesterone added in varying amounts to 
aliquots of a luteal extract indicates recoveries of 77 to 92 per cent. 

Work with paper partition chromatography, in which several of the 
systems described by Reineke (9) are employed, failed to result in resolution 
of the ultraviolet-absorbing material of the extract into more than one 
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component. Furthermore, a single ultraviolet-absorbing spot was obtained 
when pure progesterone and extract were mixed and run on paper. 

The results of reestimation of the progesterone content of the extract 
after paper partition chromatography were in good agreement with original 
estimations. 

The biological activity of the extract was tested by injecting an amount 
estimated to contain 1 mg. of progesterone into a spayed estrual rabbit. 
On autopsy the uterus showed a progestational proliferation of +-+ to 
++-+ as described by Allen (10). 


DISCUSSION 


The use of an adsorption column as the first step in the purification of 
progesterone is in keeping with the requirement for a rapid method. At- 
tempts at solvent fractionation have proved inefficient. It was found that, 
when an initial solvent partition was performed, followed by the column 
chromatography step, the spectral curve of the resulting material was 
very erratic in the range 220 to 260 mz. Similar findings were reported by 
Samuels (5). The aluminum oxide column seems to remove substances 
which interfere with subsequent countercurrent distribution. 

The countercurrent distribution was used rather than a simple solvent 
partition owing to the presence of pigment impurities which have a wide 
range of polarities. These pigments, along with many non-pigment 
impurities, are distributed largely in tubes 1 and 2 and 8 and 9 which are 
discarded. The total time required to perform all operations of the method 
is 7 to 8 hours. 

In a practical application of the method to the study of the progesterone 
content of swine corpora lutea,? results of analyses show a repeatability 
between ovaries from the same sow of 0.78 (P < 0.01). This seems to 
indicate a satisfactory degree of reproducibility of results for the method 
including extraction. Some work has been done to test the usefulness of 
the method for analyzing individual cow corpora lutea. The results of 
this preliminary work have been comparable to those obtained with swine 
corpora lutea. 

It seems probable that, with appropriate modification of the extraction 
procedure, the method can be applied satisfactorily to the analysis of 
certain body fluids for progesterone. 


SUMMARY 


A method for the purification and quantitative estimation of progesterone 
from corpora lutea of sows and cows is presented. The method is based 


2R. G. Loy, W. H. McShan, and L. E. Casida, unpublished data, University of 
Wisconsin. 
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upon column adsorption chromatography, countercurrent distribution, 
and estimation of progesterone by ultraviolet absorption at 240 mu. 


The authors are indebted to Dr. D. H. Peterson and Mr. L. M. Reineke 
of The Upjohn Company for guidance and assistance in the analytical 
paper chromatography and to Dr. F. M. Strong of the Department of 
Biochemistry, University of Wisconsin, for criticism of the manuscript. 
The aid of Mr. R. V. Short in the initial work on the method is also ac- 
knowledged. 
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ESTROGEN-SENSITIVE ISOCITRIC DEHYDROGENASE* 


By DWAIN D. HAGERMAN anp CLAUDE A. VILLEE 


(From the Department of Biological Chemistry, Harvard Medical School, and the 
Research Laboratories of the Boston Lying-In ee, 
Boston, Massachusetts) 


(Received for publication, July 6, 1957) 


Slices of human endometrium or placenta incubated in vitro respond to 
the addition of estradiol-178 with an increased rate of oxidative metabolism 
(1, 2). The site of this action of the hormone has been established as a 
diphosphopyridine nucleotide (DPN)-linked isocitric dehydrogenase which 
appears in the soluble fraction of placental homogenates (3). The enzyme 
does not utilize triphosphopyridine nucleotide as a cofactor (4), has a 
pH optimum of 7.3, and requires a divalent metal cation for full activity 
(5). The evidence previously presented is consistent with the view that 
the hormone combines with an inactive form of the enzyme, thereby 
converting the protein into an enzymatically active form (6). 

Some progress in purifying the estrogen-sensitive isocitric dehydro- 
genase has now been achieved, and this paper describes experiments with 
these preparations which strengthen the binding-activation hypothesis. 


Theory 
Assume that the hormone, H, combines reversibly at a specific locus on 
the inactive enzyme, F, to give the enzymatically active protein, FH. 
E+H=EH (1) 
The dissociation constant for this reaction is defined by 


(E) (H) 


(EH) @) 


Ky = 


Assume further that another substance, 7, may independently and reversi- 
bly bind to the same site, 


E+I=EI (3) 
and define | 
(E) (1) 


* This investigation was supported by grants from the Charles A. King and Mar- 
jorie King Fund and by research grant No. C2400 from the National Institutes of 
Health, United States Public Health Service. 
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The experimentally determined velocity of the dehydrogenation reaction 
Isocitrate + DPN — a-ketoglutarate + CO. + DPNH + Ht 
is dependent upon the amount of active enzyme present in the system. 
v = k(EH); I=0 (5) 


It is conceivable that the form EI is also enzymatically active, so that in 
the presence of J 


v= k(FH) + I#0 (6) 


which defines @ as the relative activating ability of J compared to H. 
Finally, in the presence of large amounts of H, essentially all of the enzyme 
is activated, and the reaction proceeds at maximal velocity. 


Umax = k(E;) (7) 
where 
(E.,) = (EH) + (EI) + (EB) (8) 


Formally, these assumptions are identical to those of the classical 
Michaelis-Menten theory of enzyme action, but the meaning assigned to 
the various parameters here is quite different, involving an activator 
rather than a substrate which combines with the enzyme. Since the 
substrate concentration is constant, it does not enter into the equation. 

Substituting Equations 2, 4, 6, and 7 into 8 and rearranging gives 

v Ky (De 


Umax — Kuk, + (1 — 8) K, + — @ 


When J = 0, this reduces to 


Umax — UV Ku 


(10) 


which is equivalent to the form used by Gordon and Villee (6). 

The hormone present in the incubation mixture used for the deter- 
mination of v is the sum of two parts, that added to the vessel, H., and 
that already present in the enzyme preparation, H,. Equation 10 may 
therefore be written in the form 


Ha H, 


Umax UV Ku Ku 


(11) 


Determination of the reaction velocity with a constant amount of enzyme 
and varying amounts of added hormone should then provide data which, 
when plotted according to Equation 11, with v/(vnax — v) as ordinate and 
H, as abscissa, give a straight line with slope 1/Ky and intercept (H.)/K u. 
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If a similar experiment is performed in the presence of a constant amount of 
a second substance, J, the data should give, according to Equation 9, 
a straight line with slope 


Kr 
+ Ky(D(1 — @) 


and intercept 


(Ne 
K, + (D(1 — @) 


From these equations one can calculate values for Ky, K,;, and 6 for any 
H and I. 


Methods 


Incubation of the enzyme preparations was carried out in a Dubnoff 
incubator at 37° with air as the gas phase. The incubation vessels con- 
tained 1.0 ml. of a buffer containing 10 uwmoles of Mgtt, 20 umoles of 
Cl-, 18.3 umoles of K*, and 10 umoles of PO,4=, adjusted to pH 7.3; sodium 
dl-isocitrate, enzyme, 0.1 ml. of ethanol containing the hormone when it 
was added, and water to a final volume of 3.0 ml. The reaction was 
initiated by addition of the DPN and was stopped after 1 hour by pipetting 
an aliquot of the reaction mixture into ice-cold 20 per cent trichloroacetic 
acid. Analyses for a-ketoglutarate were made by a dinitrophenylhydra- 
zone method (7), and the protein nitrogen content of the enzyme prepara- 
tions was determined spectrophotometrically (8). 

The methods of homogenizing and ultracentrifuging human placentas 
to obtain the fraction denoted S57z,000 have been described previously (4). 
These supernatant fluids were dialyzed overnight against 40 volumes of 
0.25 m sucrose at 5°, and the enzyme was then partially purified as follows: 
100 ml. of S57,.00 were added to 34 ml. of 0.2 m sodium acetate buffer, 
pH 5.8, containing 54 mg. of l-cysteine. The mixture was cooled to 4°, 
42 ml. of 60 per cent ethanol were added with cooling and mixing, and the 
precipitate was removed by centrifuging for 15 minutes at 1000 X g at 
5°. 200 ml. of 60 per cent ethanol were added to the resulting supernatant 
fluid with constant stirring and cooling, the temperature being steadily 
lowered to — 14° at the end of the addition. This solution was centrifuged 
at 7000 X g for 15 minutes at — 14°, the supernatant fluid was discarded, 
and the resulting ethanol precipitate was dissolved in 25 ml. of 0.01 m 
phosphate buffer, pH 7.3, containing 0.01 mM magnesium chloride. 

About 90 mg. (the exact amount depending on the particular batch of 
gel) of calcium phosphate gel prepared according to the directions of Keilin 
and Hartree (9) were added to the ethanol precipitate, the suspension was 
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mixed and allowed to stand for 15 minutes, and the gel was removed by 
centrifuging. The pH of the resulting supernatant fluid was adjusted 
to 6.0 with 0.1 N acetic acid, and about 400 mg. of calcium phosphate gel 
were added and well mixed. After standing for 15 minutes, the gel with 
the adsorbed enzyme was centrifuged, and the supernatant fluid was 
discarded. The enzyme was eluted from the gel with a single portion of 
0.05 m phosphate buffer, pH 7.3, to give the calcium phosphate gel eluate 
used in the kinetic studies. The adsorption and elution from the calcium 
phosphate gel were performed in the cold room at 5°. 


Results 
Table I gives the average activities of a large number of enzyme prep- 
arations made in the manner described. Although the activity of the 


TABLE I 
Preparation of Enzyme 


Estrone-estradiol 


Fraction Activity Yield 


per cent moles perl. K 108 


Calcium phosphate gel eluate............ 1.74 17 1.5 


Activity determined as described in the text in the presence of 4 X 10-6 M estra- 
diol-178 and expressed as micromoles of a-ketoglutarate produced per mg. of nitro- 
gen in | hour. 


Ss7,000 does not vary widely from one preparation to another, the purifica- 
tion achieved by the ethanol-calcium phosphate gel purification is not 
consistent, some preparations showing virtually no purification and others 
considerably more than the averages tabulated. By taking smaller frac- 
tions in both steps purification as high as 20-fold has occasionally been 
obtained, but only at the expense of further diminution in the already 
poor yield. Attempts at precipitation of the enzyme in the absence of 
cysteine were unsatisfactory, but the presence of isocitrate, DPN, Versene, 
or estradiol during the purification did not lead to better results. Activity 
of the enzyme in the calcium phosphate gel eluate is dependent on sub- 
strate concentration, as indicated in Fig. 1, from which it appears that 
maximal activity is obtained at about 0.001 m d-isocitrate and DPN. 
(Although the assays were routinely done with dl-isocitrate as substrate, 
identical results were obtained with either pure d-isocitrate or twice as 
much of the dl compound, indicating that the enzyme is specific for the 
d isomer; all results are therefore presented in terms of d-isocitrate.) 
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The endogenous hormone content of the calcium phosphate gel eluate 
was calculated with the aid of Equation 11 and is indicated in Table I. 
This average value was confirmed by direct analysis of such a preparation 


DPN 


6m) 


UCED/hr./mgm. N 


d-iso-citrate 


(ESTRADIOL 4 


La 


Ol 05 1 2 345 
SUBSTRATE CONCENTRATION, mM 


KETOGLUTARATE PROD 


Fic. 1. Effect of substrate concentration on enzyme activity 


2 4 6 8 IO I2 14 I6 18 20 22 24 26 28 30 
ESTRADIOL-I78 ADDED, 
Fic. 2. Effect of hormone concentration on enzyme activity, plotted according 


to Equation 11 (see the text). Each point represents the mean of ten or more deter- 
minations; the line was fitted by the method of least squares. 


by a method in which the same enzyme is used (7). The endogenous 
hormone content of typical preparations of Ss57,000 and the ethanol precipi- 
tate was determined by the same direct analysis. Thus, although the 
purification achieved in terms of specific activity of the enzyme is slight, 
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an 11-fold reduction in the amount of endogenous hormone in the prepara- 
tions has been achieved. 

In the presence of varying concentrations of a single activator, H,, the 
theory requires both a linear relationship between v/ (Umax — v) and H, and 
an independence of Ky from substrate (isocitrate and DPN) concentration. 


TABLE II 


Apparent Enzyme-Estradiol Dissociation Constant X 108 Moles Per Liter Determined 
at Various Concentrations of Substrate and Cofactor 


Ku 

DPN d-Isocitrate 

0.1 mM 0.5 mM 1.0 mm 5.0 mm 
mM 
0.1 1.5 1.3 5.0 1.9 
0.2 0.7 5.2 4.1 2.4 
0.5 0.7 3.3 5.0 3.1 
0.9 2.3 3.1 1.2 1.0 


For each value, the observed reaction velocity of at least nine hormone concentra- 
tions was fitted to Equation 11 (see the text) by the method of least squares. Ky 
was then calculated from the resulting numerical values. Calcium phosphate gel 
enzyme preparation. 


TaBLeE III 
Analysis of Variance for Data of Table II 
Source F* Fo.os* 
15 36.78 
3 3.80 1.27 <1 
a 3 15.32 §.11 2.61 3.86 


* Observed and tabulated values of statistical ratio. 


The linearity with estradiol as the activator is demonstrated in Fig. 2, 
which shows the results of a number of experiments with the calcium phos- 
phate gel eluate. That Ay, is independent of substrate concentration is 
shown by the results of Table II and an analysis of variance of this data 
given in Table III. The data are, then, entirely consistent with the hy- 
pothesis that hormone binding leads to enzyme activation. 

Fig. 3 shows the results of a similar determination of enzyme activity 
in the presence of varying amounts of estradiol, H, and a constant amount 
of stilbestrol, J. As predicted by Equation 9, if J is a competitive inhibitor 
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of the activation induced by H, the relation between v/(¥max — v) and H 
is linear with a slope less than that obtained in the absence of J. The 
results of three pairs of such experiments with different concentrations of 
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ESTRADIOL-I78 ADDED, MX 
Fic. 3. Effect of hormone concentration on enzyme activity in the presence and 
absence of an inhibitor of the hormone effect, plotted according to Equation 9 (see 


the text). Each point is the mean of two determinations; the line was fitted by the 
method of least squares. 


TABLE IV 
Stilbestrol Constants 
Diethylstilbestrol Kr X 10¢ moles per liter 6 
mole per l. 
2.3 X 10-4 11.9 0.42 
2.3 3.6 0.38 
2.3 X 1076 1.8 0.57 


Each value is the mean of two experiments in which the observed reaction veloc- 
ity at nine or more extradiol concentrations was fitted to Equation 9 (see the text) 
by the method of least squares. d-Isocitrate and DPN concentration in assay 1 
mM; calcium phosphate gel eluate enzyme preparation. 


stilbestrol as an inhibitor are shown in Table IV. Over a wide range of 
stilbestrol concentration, the values of K,; and @ agree well, indicating that 
stilbestrol is bound to the enzyme, but only about 1/200 as strongly as 
estradiol, and that stilbestrol has inherently only about half the enzyme- 
activating capacity of estradiol. 
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DISCUSSION 


The data of Tables II and III lead to a present best estimate for Ky, 
the apparent dissociation constant for estradiol-178 and the estrogen- 
sensitive isocitric dehydrogenase, of 2.6 * 10-§ + 0.4 X 10°-* mole per 
liter (mean + standard error). This value is one order of magnitude 
smaller than that previously given (6), because in the present experiments 
the endogenous estrogen content of the enzyme preparations has been 
taken into account. Three experiments with estrone give for this hormone 
a Ky of 5.0 X 10-* + 0.8 X 10-8 which is statistically indistinguishable 
from the estradiol value. Thus these two hormones are bound to the 
same extent and presumably to the same locus on the enzyme. Estradiol 
and estrone are bound to the enzyme about 200 times more strongly than 
stilbestrol and have twice as great an ability to activate the enzyme. 
These results confirm and extend our previous observations that stilbestrol 
is only weakly active in activating the enzyme and that, when both estra- 
diol and stilbestrol are present, stilbestrol acts as a competitive inhibitor 
of the estradiol activation (10). 

No inconsistencies between the experimental data and the binding- 
activation theory have been found under two different experimental situa- 
tions and over a wide range of concentrations of hormones and hormone 
inhibitors. These observations do not prove the theory; they do lend it 
strong support. The results are of considerable interest in explaining the 
mechanism of action of the estrogenic hormones on their normal target 
organs, inasmuch as an increase in the activity of the isocitric dehydro- 
genase permits a general speeding up of the whole Krebs cycle, as evidenced 
by the increased oxygen consumption of these tissues seen under the in- 
fluence of estrogens both in vivo and in vitro (11). As a consequence, 
more energy is available to the tissue for the accomplishment of the various 
physiologic effects known to be induced in the whole animal by the injec- 
tion of estrogen. 

The availability of an accurate and simple method for evaluating the 
binding ability of possible antiestrogens and their relative enzyme activat- 
ing ability in a simple system is also of interest, since a compound with a 
small apparent dissociation constant, K;, and a small enzyme-activating 
ability, 6, should effectively displace estrogen from the enzyme and prevent 
the normal estrogen effect. 


SUMMARY 


1. The theory of enzyme activation by binding with a hormone has 
been extended to cover the case of a competitive inhibitor of the activation 
process, with inherent activating capabilities of its own. 

2. The apparent dissociation constant for the system estradiol-178 and 
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estrogen-sensitive isocitric dehydrogenase has been redetermined with a 
purer enzyme preparation than hitherto available. 

3. The apparent dissociation constant for a competitive inhibitor of the 
enzyme activation process, stilbestrol, and the inherent activating ability 
of the inhibitor have been determined. 

4. The data obtained are all consistent with the hypothesis that the 
mechanism of action of estrogen in activating the estrogen-sensitive iso- 
citric dehydrogenase is one of binding with an inactive protein to give an 
active enzyme. 


The authors are indebted to Miss Frederica M. Wellington for valuable 
technical assistance. 
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STIMULATION OF YEAST RESPIRATION BY 1t-THYROXINE * 


By MORRIS GUTENSTEIN ann WALTER MARX 


(From the Department of Biochemistry and Nutrition, School of Medicine, and the 
Laboratories of the Allan Hancock Foundation, University of 
Southern California, Los Angeles, California) — 


(Received for publication, July 25, 1957) 


It was reported earlier from this laboratory that L-thyroxine stimu- 
lates the respiration of Aerobacter aerogenes (1, 2). Recent observations 
indicate that yeast responds to L-thyroxine in a similar manner and that 
it is remarkably sensitive to the hormone (3). This paper summarizes 
the results of these studies. 


EXPERIMENTAL 


In a first series of experiments, resting cell suspensions were prepared 
of baking yeast (Fleischmann’s active dry yeast). The cells were suspended — 
and washed twice in 0.025 m phosphate buffer, pH 7.0, and then resuspended 
in the same buffer at a concentration of 1.0 mg. dry weight per ml. 

A pure culture of Saccharomyces cerevisiae! was used in a second series. 
The cells were grown with aeration on a liquid medium consisting of 20.0 
gm. of glucose, 4.0 gm. of KH2PQ,, 1.5 gm. of MgSO,-7H20, 3.0 gm. of 
Difco yeast extract, and 5.0 gm. of nutrient broth in 1.0 liter of distilled 
water. After growth for 20 hours the cells were harvested and washed 
first with physiological saline and then with 0.025 m tris(hydroxymethy])- 
aminomethane buffer adjusted to pH 7.4 and finally resuspended in the 
same buffer to a concentration of 0.5 to 0.6 mg. dry weight per ml. 

The effects of L-thyroxine? on the oxygen consumption of these cell 
suspensions were measured by conventional manometric techniques with 
glucose as substrate. In all experiments the cells were preincubated 
with the hormone for 30 minutes prior to the addition of the substrate. 
L-Thyroxine was dissolved in distilled water, by adding 2 N NaOH drop- 
wise to about pH 10 to 10.5. The small amount of alkali present in the 
diluted thyroxine solutions did not cause an increase in pH greater than 
0.1 pH unit in the buffered contents of the vessels. 


* Supported, in part, by a grant from Hoffmann-La Roche, Inc., and by Grant 
E-1634 from the National Institute of Allergy and Infectious Diseases, Public Health 
Service. Presented, in part, at the Forty-eighth annual meeting of the American 
Society of Biological Chemists, Chicago, April 15-19, 1957. 

' Kindly supplied by Dr. D. Ivler, Department of Bacteriology, University of 
Southern California. 

? Kindly supplied by the Baxter Laboratories, Inc., and Hoffmann-La Roche and 
Company, Inc. 
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The effects of O-benzy]-3 ,5-diiodo-pL-tyrosine,’? a thyroxine-antagonist, 
on the respiration of resting cells of Fleischmann’s yeast were studied, 
in the presence and absence of L-thyroxine, by using the method described 
above. In these experiments, both the inhibitor and the hormone were 
preincubated with the yeast cells for 30 minutes prior to the addition of 
the substrate. 


Results 


L-Thyroxine was found to accelerate significantly the oxidation of 
glucose by resting cells of baking yeast at concentrations ranging from 


TABLE I 
Effects of t-Thyroxine on Oxidation of Glucose by Resting Cells of Baking Yeast* 


Mean Qo. and range 


L-Thyroxine No. of experi- B-—A x 100 
concentration ments ft 
At By 
mole per I. pl. per hr. per mg. dry weight wl. per hr. per mg. dry weight 

1.3 X 10°? 6 28.4 (22.3-34.3) 46.2 (41.2-48.5) 62.8 
3.2 X 1074 3 43.8 (30.0-52.2) 64.4 (53.7-75.1) 47.0 
3.2 X 10°* 3 50.2 (49.3-52.2) 69.5 (65.9-73.5) 38.5 
4.0 X 10°77 8 51.9 (37.1-64.2) 72.1 (58.8-81.6) 39.0 


Each flask contained 1.2 mg. dry weight of cells suspended in 0.025 m phosphate 
buffer, pH 7.0, 4 umoles of glucose, and L-thyroxine as indicated. Total volume 2.0 
ml. The center well contained 0.1 ml. of 20 per cent (w/v) KOH and a fluted filter 
paper. The cells were preincubated with L-thyroxine for 30 minutes prior to the 
addition of the substrate. Bath temperature 37°. 

* Fleischmann’s active dry yeast. 

t A = Qo, (glucose) — Qo, (autorespiration). 

t B = Qo, (L-thyroxine, glucose) — Qo, (L-thyroxine, autorespiration). 


1.3 X 10° to 4.0 KX 10-7 m (Table I). A few determinations indicated 
activity at still lower concentrations, but the number of measurements 
completed was considered insufficient to justify inclusion of these results 
in Table I. Under the conditions of these experiments, the hormone 
did not significantly enhance the autorespiration. 

The results of the experiments with the pure strain of S. cerevisiae 
are summarized in Table II. It was again observed that L-thyroxine 
significantly stimulated the respiration of this organism at concentrations 
in the order of 10-* to 10-'° m. Lower concentrations had no effect. 
The autorespiration was again not influenced by the hormone. 


3 We are much obliged to Dr. E. Frieden, Dr. R. J. Winzler, and Dr. N. Kharasch 
for supplying this compound. 
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The inhibition studies indicated that the thyroxine antagonist, O-benzyl- 
3 ,5-diiodo-pL-tyrosine, depressed the hormone-induced acceleration of 


TaBLeE II 
Effects of t-Thyroxine on Oxidation of Glucose by Resting Cells of S. cerevisiae* 


L-Thyroxine No. of ex- B-—A x 100 
concentration periments A 
At Bt 
mole per |. pl. per hr. per mg. dry weight | wl. per hr. per mg. dry weight 

4.0 X 10°° 6 180.2 (157.4-203.2) | 246.1 (212.8-263.0) 36.5 
4.0 X 10°77 3 113.0 (90.6-151.6) 151.2 (113.3-217.0) 33.6 
4.0 X 10° 2 168.1 (151.6-184.5) 225.4 (224.6-226.2) 34.1 
2.0 XK 10-9 1 155.0 193.3 24.7 
5.0 1 155.0 186.2 20.8 
4.0 X 107° 3 159.5 (146.3-184.5) 196.4 (179.2-219.2) 23.1 
2.0 X 107° 2 147.1 (146.3-147.8) 171.3 (157.2-185.3) 16.4 
1.0 X 1071 3 145.0 (141.4-147.8) | 170.1 (156.0-183.8) 17.3 
5.0 KX 107!! 1 141.4 151.8 7.4 
4.0 X 10°" 3 148.6 (146.3-151.6) 148.1 (140.0—-152.1) —0.3 


* Experimental conditions as described in Table I, except that 0.025 m tris(hy- 
droxymethyl)aminomethane buffer, pH 7.4, was used instead of phosphate buffer, 
plus 25 umoles of KH:PQ,. 

tA = Qo, (glucose) — Qo, (autorespiration). 

t B = Qo, (L-thyroxine, glucose) — Qo, (L-thyroxine, autorespiration). 


TaBLeE III 
Inhibition by of t-Thyroxine-Induced 
Stimulation of Respiration of Baking Yeast* 


Concentration of Qo,t 
Mean differencef 


Glucose L-Thyroxine Inhibitor Mean Range 


per hr. hr. | wl. per ke. 
mole per 1. X 10-6 |mole per X mole per I. X 10-8 4 ol. per 


4.0 0 0 52.6 51.3-53.8 37.9 
0 0 0 14.7 14.2-15.2 ‘ 
4.0 4.0 0 77.3 73.5-81.0 62.6 
0 4.0 0 14.7 14.7 2 
4.0 4.0 4.3 60.3 58.3-62.4 47.5 
0 4.0 4.3 12.8 11.3-14.2 . 


* Fleischmann’s active dry yeast. 
t Results of two experiments. Conditions as described in Table I. 
t Mean Qo, values corrected for autorespiration. 


the yeast respiration, as shown in Table III. In the absence of t-thyroxine, 
the inhibitor did not influence the respiration rate. 
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DISCUSSION 


The data presented above demonstrate that L-thyroxine, an animal 
hormone, significantly accelerates the respiration of a fungus, 7.e. yeast. 
Earlier observations made here and elsewhere indicate that thyroxine 
can influence the metabolism of certain other microorganisms such as A. 
aerogenes (1, 2) and Mycobacterium phlei (4). 

The most remarkable aspect of the findings reported above is the un- 
expectedly great sensitivity of the yeast cells to thyroxine. The hormone 
had a significant effect at a concentration lower by several powers of 
10 than those required for the usual, known cofactors of microbial respira- 
tion to be active. 

It was considered unlikely that the observed effect was caused by a 
contamination of the L-thyroxine preparation, since the latter stimulated 
respiration at levels as low as 107! M, as hormone samples from two 
different sources were equally active in our system. 

The effect of L-thyroxine on yeast respiration was inhibited by O-benzyl- 
3,5-diiodo-pL-tyrosine, a specific thyroxine-antagonist, known to counter- 
act the thyroxine-induced acceleration of amphibian metamorphosis 
(5). This observation was interpreted to indicate that the phenomenon 
described was the result of a specific action of L-thyroxine rather than a 
non-specific consequence of an artifact of unknown nature. 


SUMMARY 


The effects of L-thyroxine on the oxidation of glucose by resting cells 
of baking yeast and a pure culture of Saccharomyces cerevisiae were studied 
by using conventional manometric techniques. 

The hormone was found to stimulate significantly the respiration of 
the yeast cells at concentrations ranging from 10~* to 10~'° m. 

O-Benzy]-3 ,5-diiodo-pL-tyrosine, a thyroxine-antagonist, inhibited the 
L-thyroxine-induced stimulation of the respiration of baking yeast. 
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BIOSYNTHESIS OF THE PURINES 


XVIII. 5-AMINO-1-RIBOSYL-4-IMIDAZOLECARBOXAMIDE 
5’-PHOSPHATE TRANSFORMYLASE AND INOSINICASE* 


By JOEL G. FLAKS, MARY JANE ERWIN, anv JOHN M. BUCHANAN 


(From the Division of Biochemistry, Department of Biology, Massachusetts 
Institute of Technology, Cambridge, Massachusetts) 


(Received for publication, July 2, 1957) 


In a recent communication (2) the parameters of the inosinic acid 
transformylase system of pigeon or chicken liver have been described. 
This system, which requires a folic acid derivative, N*,N'°-anhydroformyl- 
THFA,':?-* for its activity, contains the enzymes responsible for the 
following reaction: 


(1) AICAR + TPNt + serine = IMP + TPNH + Ht + glycine + H20 


Evidence is now substantial for the point of view that a reduced folic acid 
compound is the cofactor responsible for the transfer of 1-carbon units at 
the formyl or formaldehyde level. Accordingly, it is possible to divide 


* A preliminary report of this work has been made (1). These investigations have 
been supported by grants-in-aid from the National Cancer Institute, National Insti- 
tutes of Health, United States Public Health Service, and the National Science Foun- 
dation. 

1 The following are systematic names of intermediates of inosinic acid biosynthe- 
sis or their derivatives mentioned in this paper: 2-amino-N-ribosylacetamide 
5’-phosphate, glycinamide ribotide; 
5’-phosphate, 5-amino-4-imidazolecarboxamide ribotide; 5-formamido-1-ribosyl-4- 
imidazolecarboxamide 5’-phosphate, 5-formamido-4-imidazolecarboxamide ribotide. 

2 The following abbreviations have been used: IMP, inosinic acid; ATP, adenosine 
triphosphate; TPN and TPNH, the oxidized and reduced forms of triphosphopyridine 
nucleotide; AICAR, 5-amino-4-imidazolecarboxamide ribotide; formyl-AICAR, 
5-formamido-4-imidazolecarboxamide ribotide; Tris, tris(hydroxymethy]l)amino- 
methane; THFA, 5,6,7,8-tetrahydrofolic acid. The formyl derivatives of THFA 
dealt with in this communication are N*-formyl-THFA (the synthetic compound, 
leucovorin), N'°-formyl-THFA and N°,N'°-anhydroformyl-THFA (the imidazolin- 
ium derivatives). Three forms of the latter, formed under different conditions of 
crystallization, were used and are known as isoleucovorin chloride, anhydroleucovo- 
rin A, and anhydroleucovorin B (3). 

* At the present time it is not known whether NV‘, N'°-anhydroformyl-THFA or 
N'°-formyl-THFA is the compound actually formed or utilized in reactions 2 and 3. 
However, in these experiments N°, N'!°-anhydroformyl-THFA was the substrate used. 
It is known that there may be a rapid non-enzymatic interconversion of these com- 
pounds in aqueous solution. 
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equation 1 provisionally into two parts, as follows: 


(2) Serine + TPN*+ + THFA = 
TPNH + Ht + glycine + N°5,N'°-anhydroformyl-THFA + H.O 
(3) AICAR + N5,N'°-anhydroformyl-THFA — THFA + IMP 


Reaction 2, which is composed of at least two enzymatic steps, has been 
studied in part by several investigators (1, 4-9). Reaction 3 has been 
studied in this laboratory and by Greenberg (10, 11). It is the purpose 
of this communication to describe experiments on the isolation and purifi- 
cation of an enzyme system responsible for the catalysis of reaction 3 and 
to present evidence in favor of the view that this reaction consists of two 
steps. 


(4) AICAR + N°, N'°-anhydroformyl-THFA + formyl-AICAR + THFA 
(5) Formyl-AICAR @ IMP + H,0O 


The enzymatic components responsible for reactions 4 and 5 have been 
named AICAR transformylase and inosinicase, respectively. 


Materials and Methods 


Assay for Inosinicase Activity—The assay system contained the follow- 
ing in a final volume of 0.3 ml.: formyl-AICAR, 0.03 umole; Tris buffer, 
pH 7.4, 30 uwmoles; enzyme and water to volume. The incubation was 
carried out at 38° for 10 minutes and the reaction was terminated by the 
addition of 0.2 ml. of 4 N sulfuric acid to the vessels. The tubes were 
capped and placed in a boiling water bath for 5 minutes to hydrolyze 
the residual formyl-AICAR to AICAR. The tubes were then cooled and 
0.1 ml. of 0.1 per cent sodium nitrite was added to each. After 5 minutes, 
0.1 ml. of 0.5 per cent ammonium sulfamate was added, and 3 minutes 
later 0.1 ml. of 0.1 per cent N'-naphthylethylenediaminedihydrochloride. 
The absorbancy at 540 my was determined after 20 minutes on the Beck- 
man DU spectrophotometer adapted for use of microcuvettes and cuvette 
holder (Pyrocell Manufacturing Company). 

Assay for AICAR Transformylase Activity—The assay system con- 
tained the following in a final volume of 0.5 ml.: AICAR, 0.1 umole; 
N*, N*°-anhydroformyl-THFA (isoleucovorin chloride), 0.2 wmole; KCl, 
10 umoles; Tris buffer, pH 7.4, 30 wmoles; enzyme and water to volume. 
The incubation was carried out at 38° for 20 minutes and the reaction 
was terminated by the addition of 0.4 ml. of 10 per cent trichloroacetic 
acid. 0.1 ml. of acetic anhydride was then added to the vessels. After 
20 minutes the residual non-acetylated arylamine was determined by 
the method of Ravel et al. (12), the absorbancy being determined at 540 


mu. 
Definition of Unit of Enzyme Activity—A unit of enzyme activity is 
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defined as that amount of enzyme which causes the disappearance of 
0.1 umole of formyl-AICAR or AICAR in their respective assays. Protein 
concentration was determined spectrophotometrically at 280 mu. It was 
assumed that 1 mg. of protein has an absorbancy of 1.6 in a cuvette with a 
1 em. light path (13). Specific activity is defined as units of enzyme per 
mg. of protein. All other procedures are as described in Papers XVI 
and XVII (14, 2). 

AICAR was prepared by the procedure described in Paper XVI (14). 
The nucleosides of 5-amino-4-imidazolecarboxamide and 5-formamido-4- 
imidazolecarboxamide were prepared by reaction of the respective nu- 
cleotides with the 5’-nucleotidase of snake venom (15). 

Formyl-AICAR was prepared by the method of Shaw (16) with the 
following modifications to adapt the procedure to a small scale. 10 to 20 
umoles of the barium salt of AICAR were added to 37 mg. of sodium for- 
mate in 0.25 ml. of 98 per cent formic acid. 0.5 ml. of acetic anhydride 
was added and the mixture was warmed gently to initiate the reaction. 
The reaction mixture was kept at room temperature for 10 minutes and 
at 50° for 20 minutes, when it was cooled and lyophilized to dryness. The 
product was stirred with 2 ml. of water and the insoluble residue was 
removed by centrifugation. The supernatant solution was adjusted to 
pH 6 with 3 N ammonium hydroxide. The yield was essentially quanti- 
tative. 


Results 


Purification and Properties of Formyl-AICAR—The formyl-AICAR 
prepared by the formylation procedure listed under ‘Materials and 
methods” and isolated as the barium salt has been routinely employed 
as the substrate during the purification of inosinicase. A sample was 
purified for analysis and for some of the experiments cited below.‘ 10 
mg. of the crude barium salt of formyl-AICAR were dissolved in a small 
volume of water and applied to a sheet of Whatman No. 1 paper as a 
thin band. The paper chromatogram was then developed at 2° for 36 
hours with a descending solvent system of isobutyric acid-water-concen- 
trated ammonia (66:33:1). The main ultraviolet-absorbing band ap- 
peared at an Ry of 0.18 and was eluted from the paper with 40 ml. of 
water. The eluate was concentrated by lyophilization and applied to a 
Dowex 1 chloride column (2.5 X 0.9 cm., 200 to 400 mesh). The formyl- 
AICAR appeared in the fractions between 70 and 100 ml. of the eluate 
upon application of 0.005 n HCl at 2°. The pooled fractions containing 
formyl-AICAR were quickly neutralized with 3 N ammonium hydroxide 


‘The authors wish to acknowledge the participation of Mr. Arthur Frank in the 
studies on the purification of formyl-AICAR. 
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and lyophilized to a small volume. 100 umoles of barium acetate were 
added and then 3 volumes of 95 per cent ethanol. The precipitated barium 
salt was collected by centrifugation, washed with acetone, then with 
ether, and dried at room temperature. An analysis of this barium salt 
showed the following ratios: arylamine produced on acid hydrolysis, 1.00; 
pentose, 0.95; organic phosphate, 1.04; formate, 1.00. The sample was 
free from inorganic phosphate, pyrophosphate, and unsubstituted aryla- 
mine. The sample was approximately 80 per cent pure on a dry weight 
basis. Formyl-AICAR showed a single ultraviolet absorption maximum 
with a peak at 270 my at pH 7.0. The molecular extinction coefficient, 
e, was 11,300 based upon the phosphate content. A sample heated at 
38° for 30 minutes in 0.1 N NaOH was quantitatively converted to IMP. 
The formyl] group was quite labile to acid hydrolysis, being quantitatively 
hydrolyzed in 3 minutes at 100° in 0.2 N sulfuric acid and to the extent 
of 50 per cent at room temperature in the same concentration of acid in 
2.5 hours. The properties of the nucleotide (7.e. the ultraviolet absorp- 
tion, and ability to cyclize in alkaline solution) are similar to those of 
the free base as reported by Shaw (16). 


Purification of Inosinicase and AICAR Transformylase 


Fraction I. Acetone Powder Extract—Acetone powders of fresh chicken 
livers were prepared by the procedure described previously for beef liver 
(14). All operations were carried out at 2° unless otherwise noted. 50 
gm. of chicken liver acetone powder were extracted for 30 minutes with 
500 ml. of 0.01 m Tris buffer, pH 7.4. The residue was removed by centri- 
fugation at 12,800 X g for 10 minutes. 

Fraction II. Ammonium Sulfate Fractionation—To 356 ml. of acetone 
powder extract were added 36 ml. of 1.0 m Tris buffer, pH 8.0, and then 
with stirring, 95 gm. of ammonium sulfate. After 30 minutes the pre- 
cipitate was removed by centrifugation. 67 gm. of ammonium sulfate 
were added to the supernatant solution. After 30 minutes the precipitate 
was collected by centrifugation, dissolved in 70 ml. of 0.01 m Tris buffer, 
pH 7.4, and dialyzed overnight against 4 liters of the same buffer. 

Fraction III. Zinc-Ethanol Fractionation—50 ml. of 0.01 m Tris buffer, 
pH 7.4, were added to the dialyzed ammonium sulfate fraction (105 ml.) 
and then 1.08 ml. of saturated ammonium sulfate. Slowly, 1.54 ml. of a 
1 M solution of zinc acetate were added to the solution with stirring. After 
10 minutes the precipitate was removed by centrifugation. To the super- 
natant solution 3 N ammonium hydroxide was added dropwise until the 
pH reached 9.0. The resulting precipitate was removed by centrifugation. 
The supernatant solution (140 ml.) was cooled to —5° and 70 ml. of 90 
per cent ethanol were slowly added while the temperature was gradually 
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lowered to —15°. After 15 minutes the precipitate was collected by 
centrifugation at —15° and dissolved in 50 ml. of 0.01 m Tris buffer, 
pH 7.4, containing 0.01 m Versene. 

Fraction IV. Ammonium Sulfate Fractionation—5 ml. of 1.0 m Tris 
buffer, pH 8.0, were added to the zinc-ethanol fraction (50 ml.) and 16.1 
gm. of ammonium sulfate were slowly added with stirring. After 30 
minutes the precipitate was removed by centrifugation and to the super- 
natant fluid were added 4.4 gm. of ammonium sulfate. The precipitate 
was collected by centrifugation, dissolved in 10 ml. of 0.01 m Tris buffer, 
pH 7.4, and dialyzed overnight against 4 liters of the same buffer. 

Fraction V. Alumina Cy Supernatant Solution—40 ml. of 0.01 m Tris 
buffer, pH 7.4, were added to the dialyzed ammonium sulfate fraction 
(17 ml.) followed by 5.7 ml. of 1.0 m Tris buffer, pH 8.0. This solution 
was stirred for 10 minutes with 290 mg. of alumina Cy gel (17). The 
mixture was centrifuged and the precipitate discarded. 

Fraction VI. Ethanol Fractionation—The alumina Cy supernatant frac- 
tion (63 ml.) was cooled to —5° and 46 ml. of 90 per cent ethanol were 
added dropwise with constant stirring. The temperature was allowed 
to fall to — 15° during the course of the ethanol addition. After 20 minutes 
the mixture was centrifuged at —15° and the precipitate discarded. 26 
ml. of 90 per cent ethanol were added to the supernatant solution at — 15° 
as described above. Again after stirring for 20 minutes the mixture was 
centrifuged and the precipitate dissolved in 7 ml. of 0.01 m Tris buffer, 
pH 7.4. 

Fraction VII. Alumina Cy Eluates—Fraction VI was stirred with 18 
mg. of alumina Cy gel (17) for 10 minutes, the mixture centrifuged, and 
the supernatant fluid discarded. The enzyme was eluted from the gel 
by stirring with 4.5 ml. of 0.02 m potassium phosphate buffer, pH 8.0, 
and the residual gel was removed by centrifugation. A second elution 
was similarly carried out with 4 to 5 ml. of 0.03 m potassium phosphate 
buffer, pH 8.0. The first and second eluates are designated, respectively, 
as EF, and Ez. 

Properties of Enzyme—Table I shows the course of purification of both 
inosinicase and AICAR transformylase. The enzyme was purified about 
120-fold with respect to inosinicase activity. Throughout this purifica- 
tion only a 3-fold increase in inosinicase specific activity to that of AICAR 
transformylase was achieved. It is not certain whether this actually 
represents a slight separation of the two enzymatic activities or merely a 
selective destruction of the transformylase, since the latter activity has 
been found to be somewhat unstable in dilute solutions. This is partic- 
ularly the case of Fraction V at which stage of purification a large dilution 
of the enzyme occurs. The optimal pH for both enzymatic activities 
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was found to be 7.4 with the reaction falling off rapidly below pH 7.0 
and above 7.8. Both enzyme activities were stable for several months 
when stored at — 15°. 

The activity for glycinamide ribotide transformylase was completely 
removed at the fifth stage (Fraction V). The enzyme at the fourth stage 
(Fraction IV), while retaining some glycinamide ribotide transformylase 
activity, was inactive in transformylating to glycine with the resultant 
formation of serine. 


TABLE I 
Purification of Inosinicase and AICAR Transformylase 

AICAR 

Inosinicase 
4 Vol- Protein ylase (a) 
Fraction ume (b) 

(a) cation (b) 

mg. per| units 

ml. | per ml. 
I. Acetone powder extract | 26.2} 505) 19 100* 8.7) 2.2 
II. lst ammonium sulfate 105 | 30.4; 1190 | 39.2, 2.0; 70 18.7) 2.1 
III. Zinc-ethanol 50 | 13.5 | 1760 | 130 6.8) 49 48.1, 2.7 
IV. 2nd ammonium sulfate 17 16.8 | 3350 | 200 10.3} 32 61.9, 3.2 
V. Alumina Cy supernatant | 63 0.55) 400 | 728 38 14 | 106 6.9 

solution 
VI. Ethanol (88 to 48 percent | 7 1.70; 1930 {1130 59 7.5) 162 7.0 
fraction) 

VII. Alumina Cy eluate, E; 4.5) 1.06) 1890 |1780 93 4.7; 260 6.9 
4.5) 0.47} 1100 |2340 | 121 2.8) 360 6.5 


* The total number of units in the acetone powder extract was 180,000. 


Stoichiometry of Inosinicase Reaction—In an experiment in which 20 
units of purified inosinicase (Fraction V, Table 1) were incubated with 
0.12 umole of formyl-AICAR at pH 7.4, it was found that 0.117 umole 
of formyl-AICAR was utilized and 0.105 umole of IMP was formed. 
Formyl-AICAR was determined as arylamine upon removal of the formyl 
group and IMP as hypoxanthine (18) after hydrolysis of either compound 
in acid solution. Neither the free base, 5-formamido-4-imidazolecarbox- 
amide, nor its nucleoside was cyclized either in the presence of the purified 
enzyme or acetone powder extracts. There is no spontaneous cyclization 
of formyl-AICAR at this pH. It appears, therefore, that the enzyme 
specifically requires the nucleotide as substrate. 

Stoichiometry of AICAR Transformylase Reaction—As was the case 
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with the reaction catalyzed by inosinicase, the AICAR transformylase 
shows a similar specificity for the nucleotide. There is also an equivalent 
formation of IMP for each mole of non-acetylable arylamine which dis- 
appears. ‘The interesting finding was made during these studies that for 
each mole of non-acetylable arylamine (AICAR) disappearing there was 
a net formation of 1 mole of acetylable arylamine (Experiment 2, Table II). 
This acetylable arylamine, p-aminobenzoylglutamate, is derived from 
the THIA produced in the reaction and is not uniquely concerned with 
the AICAR transformylase system since it is also produced with glycin- 


TABLE II 
Activity of Various Folic Acid Derivatives with AICAR Transformylase 


Disappearance of arylamine 
Experiment No. Addition to system 
acetylation acetylation 
pmole pmole pmole 
1 None 0.004 
N*-formyl-THFA* 0.008 
Isoleucovorin chloridet 0.048 
Anhydroleucovorin Af 0.046 
Bt 0.049 
2 Isoleucovorin chloridet 0.003 0.066 0.061 


The regular incubation and assay conditions for AICAR transformylase were 
used. Each of the folic acid compounds as well as the substrate, AICAR, was added 
at a level of 0.l umole. 5.7 units of AICAR transformylase (Fraction V) were added 
as the enzyme. 

* The synthetic N*-formyl-THFA, leucovorin. 

t These are different crystalline variations of the imidazolinium stractuse, 
N°, N'°-anhydroformyl-THFA (3). 


amide ribotide transformylase when folic acid derivatives are used in sub- 
strate quantities as formyl donors (19). 

Table II also demonstrates that N*-formyl-THFA is not a substrate 
for transformylation with the purified enzyme system. There is no activity 
with N*-formyl-THIFA even upon addition of ATP, a fact indicating that 
the N*°-formyl-THI A-activating enzyme has been removed in the purifica- 
tion of AICAR transformylase. All three of the anhydroformy] deriva- 
tives of THFA show equal activity. 

In confirmation of a similar observation by Warren and Buchanan 
concerning the utilization of formylated derivatives of THIFA for the 
glycinamide ribotide transformylase system, it has been found that the 
racemic N*, N'°-anhydroformyl-THFA is utilized as a formyl donor in 
the 5-amino-4-imidazolecarboxamide ribotide transformylase system to 
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an extent considerably greater than the expected value (50 per cent), 
The implications of this observation for both transformylating systems 
are discussed in Paper XIX (19). 

Effect of Potassium Ions—In a previous paper it was shown that the 
enzyme system which transfers carbon 2 of inosinic acid to glycine or 
glycinamide ribotide to form serine or formylglycinamide ribotide, respec- 
tively, has an absolute requirement for potassium ions. Recent studies 
of the individual reactions concerned have shown that this potassium 
ion requirement is not related to glycinamide ribotide transformylase 
(19), to the serine-forming system with N*, N'°-anhydroformyl-THFA 
as formyl] donor, or to inosinicase. However, the AICAR transformylase 


8 


PER CENT OF MAXIMAL ACTIMTY 


| 


003 004 00 
MOLARITY OF POTASSIUM IONS 
Fic. 1. The dependency of AICAR transformylase on the concentration of potas- 
sium ions. The conditions of the reaction are the same as those for the assay for 
AICAR transformylase described in the text except that the concentration of potas- 
sium ions was varied. The incubations each contained 1 unit of enzyme which had 
undergone five stages of purification. 


activity has an absolute dependency upon the presence of potassium ions 
with an optimal activity being shown over the range of 3 X 107° to 3 X 
10-2 m. The activity of the enzyme as a function of potassium ion con- 
centration is shown in Fig. 1. 


DISCUSSION 


The experiments of this communication have been concerned primarily 
with the metabolic and enzymatic steps concerned with the conversion 
of AICAR to IMP. Available evidence suggests that the formamido 
compound, formyl-AICAR, is an intermediate in this reaction. Although 
the enzymatic activities, AICAR transformylase and inosinicase, could 
not be separated decisively, there is good reason to believe that they are 
either separate enzymes or two enzyme sites on a single enzyme. The 
fact that potassium ions are required for AICAR transformylase but not 
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for inosinicase is evidence for the individuality of these two enzymatic 
activities. Further evidence for the role of formyl-AICAR as an inter- 
mediate in this reaction is the fact that the nucleotide but not the 
nucleoside or free base may be cyclized to hypoxanthine-containing 
compounds by action of the enzyme. There is thus a specificity for 
formyl-AICAR as a substrate for reaction 5. 

To date, attempts to demonstrate the accumulation of formyl-AICAR 
during the conversion of AICAR to IMP have been unsuccessful probably 
because of the unfavorable equilibrium constant of reaction 5. In the 
presence of enzyme, formyl-AICAR is quantitatively converted to IMP. 
Thus any formyl-AICAR formed by reaction 4 would almost immediately 
be converted to IMP by even the most purified of our enzyme prepara- 
tions. Although further work will be required to establish conclusively 
formyl-AICAR as an intermediate in purine biosynthesis, present evi- 
dence strongly favors its participation. 


SUMMARY 


The purification and some of the properties of 5-amino-1-ribosyl-4- 
imidazolecarboxamide 5’-phosphate transformylase and inosinicase have 
been described. These enzymes catalyze, respectively, the following 
reactions: (a) 5-amino-1-ribosyl-4-imidazolecarboxamide 5’-phosphate + 
acid + 5. formamido-1- 
ribosyl-4-imidazolecarboxamide 5’-phosphate + tetrahydrofolic acid; (b) 
5-formamido-1-ribosyl-4-imidazolecarboxamide 5’-phosphate inosinic 
acid + HO. The two enzymatic activities have not been decisively 
resolved but there is some evidence that they are separate enzymes. The 
transformylase requires potassium ions for activity but inosinicase does 
not. 
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BIOSYNTHESIS OF THE PURINES 


XIX. 2-AMINO-N-RIBOSYLACETAMIDE 5’-PHOSPHATE 
(GLYCINAMIDE RIBOTIDE) TRANSFORMYLASE* 


By LEONARD WARREN? anp JOHN M. BUCHANAN 


(From the Division of Biochemistry, Department of Biology, Massachusetts 
Institute of Technology, Cambridge, Massachusetts) 


(Received for publication, July 2, 1957) 


It is the purpose of this communication to describe the purification and 
properties of an enzyme in chicken liver, 2-amino-N-ribosylacetamide 
5’-phosphate (glycinamide ribotide) transformylase, which catalyzes the 
formation of formylglycinamide ribotide (formyl-GAR)!:? from glycin- 
amide ribotide and ,6,7 ,8-tetrahydrofolic acid 
according to equation 1: 


(1) N5,N!9-Anhydroformyl-THFA + GAR + H,0 — formyl-GAR + THFA 


GAR transformylase, which is responsible for the incorporation of formate 
carbon into what becomes position 8 of the purine ring, has been completely 
separated from 5-amino-4-imidazolecarboxamide ribotide transformylase 
(3). The latter enzyme is responsible for the incorporation of formate 
carbon into position 2 of the purine ring. The requirement for folic acid 
compounds has been demonstrated in both reactions of purine biosynthesis 
involving formate incorporation (4-7). 


Materials and Methods 


Methods—AICAR was determined by the Bratton and Marshall pro- 
cedure (8), modified for the micromethod as described in Paper XVII (9). 


* Preliminary reports of this work have been published (1, 2). The investiga- 
tions have been supported by grants-in-aid from the National Cancer Institute, 
National Institutes of Health, United States Public Health Service, and the National 
Science Foundation. 

t Fellow of the Life Insurance Medical Research Fund (1954-57). 

1 The following are systematic names of some of the intermediates of purine bio- 
synthesis mentioned in this paper: 2-amino-N-ribosylacetamide 5’-phosphate, 
glycinamide ribotide; 2-formamido-N-ribosylacetamidine 5’-phosphate, formyl- 
glycinamide ribotide; 5’-phosphate, 
5-amino-4-imidazolecarboxamide ribotide. 

2 The following abbreviations have been used: GAR, glycinamide ribotide; formy]- 
GAR, formylglycinamide ribotide; AICAR, 5-amino-4-imidazolecarboxamide ribo- 
tide; ATP, adenosine triphosphate; IMP, inosinic acid; Tris, tris(hydroxymethy])- 
aminomethane; THFA, 5,6,7,8-tetrahydrofolic acid. At the suggestion of the 
Editors of the Journal of Biological Chemistry the previous abbreviation, FGAR, 
used for formylglycinamide ribotide has been changed to formyl-GAR. 
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Under the conditions of this assay the chromophore produced in these 
reactions has a molecular extinction coefficient of 26,400 when measured 
at 540 mu. p-Aminobenzoylglutamate in contrast to AICAR is acetylated 
by a 10 per cent solution of acetic anhydride. The Bratton-Marshall 
method of determination of p-aminobenzoylglutamate was _ therefore 
essentially the same as that for AICAR except that the acetylation step 
was omitted. The molecular extinction coefficient of the chromophore 
of p-aminobenzoylglutamate is approximately 40,500 when measured at 
540 mu. GAR and formyl-GAR were chromatographed on Whatman 
No. 1 paper with the solvent system, isopropanol-H,O-10 xn HCl (66:33: 1). 
In this solvent system GAR has an Ry of 0.4 and formyl-GAR an R, 
of 0.75. 

Assay of Enzyme—GAR transformylase can be assayed conveniently 
by the use of the following two different enzymatic systems: Method 1. 
GAR transformylase can be assayed with a system which carries out 
the following reaction (10): 


(2) IMP + GAR + H.O — AICAR + formyl-GAR 


By fractionation of an acetone powder extract of chicken liver with 
calcium phosphate gel (Fraction II, Table I) the enzymes responsible 
for this over-all reaction could be separated into two components. One 
of these contained GAR transformylase and the other contained AICAR 
transformylase and inosinicase. By carrying out the reaction in the 
presence of an excess of AICAR transformylase and inosinicase, assay 
could be made for GAR transformylase. It was more convenient to 
measure the formation of the non-acetylable arylamine, AICAR, than 
it was to measure either the utilization of GAR or the production of formy]- 
GAR. 

In this assay the incubation vessels contained 0.025 umole of GAR, 
1.25 wmoles of IMP, 1 umole of KCI, 0.02 umole of N*, N'°-anhydroformyl- 
THFA, 10 uwmoles of Tris buffer, pH 7.4, 300 y of AICAR transformylase 
and inosinicase, and the enzyme to be assayed in a final volume of 0.55 
ml. The reaction was terminated by the addition of 0.1 ml. of 30 per 
cent trichloroacetic acid. The Bratton-Marshall reaction was carried 
out on an aliquot of 0.4 ml. with acetylation. A unit of GAR transformyl- 
ase activity is defined as the amount of enzyme required to convert 0.1 
umole of GAR to formyl-GAR in 35 minutes at 37° under the conditions 
of the assay. 

Protein was determined by measurement of the optical density in a 
Beckman DU spectrophotometer with the assumption that 1 mg. of protein 
dissolved in 1 ml. will have an absorbancy of 1.6 in a light path of 1 cm. 
(11). Method 2. The reaction of GAR with N*,N?°-anhydroformy]- 
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THFA with the formation of formyl-GAR and THFA (equation 1) could 
also be used as a measure of GAR transformylase activity. This single 
reaction could be followed by the disappearance of GAR or the appearance 
of formyl-GAR and THFA. The enzymatically produced THFA, like 
chemically prepared THFA, breaks down spontaneously and quantita- 
tively to p-aminobenzoylglutamate under the conditions of the Bratton- 
Marshall assay (reaction 3). 


(3) THFA — p-aminobenzoylglutamate + pteridine product 


Although enzymatic methods are available for the determination of GAR 
and formyl-GAR (12), the most commonly used assay for GAR trans- 
formylase was based upon the determination of the acetylable arylamine, 
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Fig. 1. Enzymatic assays for glycinamide ribotide transformylase activity. 
A and B represent the assays carried out by Methods 1 and 2, respectively. Details 
of the experimental procedures are described in the text. The enzyme preparations 
are different in each assay. 


p-aminobenzoylglutamate. In the assay by Method 2, the vessels con- 
tained the following materials in a final volume of 0.55 ml.: N*,N?°- 
anhydroformyl-THI A, 0.06 umole, GAR, 0.04 umole, Tris buffer, pH 7.8, 
10 wmoles, and GAR transformylase. The vessels were incubated for 
30 minutes at 37° and the analysis carried out as described in Method 1 
except for the omission of the acetylation step with acetic anhydride. 
The linear relationship between AICAR formation (Method 1) and p- 
aminobenzoylglutamate formation (Method 2) at the lower concentra- 
tions of GAR transformylase is shown in Fig. 1, A and B. 

The acetylable arylamine measured in the Bratton-Marshall assay 
(Method 2) has been identified as p-aminobenzoylglutamate by the fol- 
lowing procedures. It has the same Ry as authentic p-aminobenzoyl- 
glutamate when chromatographed on filter paper with four different 
solvents. This material was located on paper by spraying with the 
reagents of the Bratton-Marshall test. Upon hydrolysis in HCl it was 
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converted to materials which chromatographed as p-aminobenzoic acid 
and glutamic acid. It also had the same light absorption spectrum as 
authentic p-aminobenzoylglutamate in the ultraviolet region with an 
absorption maximum at 273 mu in 0.1 N NaOH. Upon acetylation of 
unknown and authentic samples in 5 per cent acetic anhydride the absorp- 
tion maximum of both compounds was shifted to 265 my in alkaline solu- 
tion. 

Enzymatic Determination of GAR—Methods 1 and 2 for the assay of 
GAR transformylase may be modified in such a way that the substrate, 
GAR, may be quantitatively estimated when present in limiting amounts. 
GAR may be determined in an enzyme system which carries out reaction 2. 
The vessels contained the GAR to be assayed, 2.5 uwmoles of IMP, 10 
umoles of Tris buffer, pH 7.4, and 1 mg. of 15 to 30 per cent ethanol frac- 
tion of chicken liver in a final volume of 0.55 ml. The vessels were in- 
cubated for 55 minutes at 38° at which time the reaction was complete 
at the various levels of GAR used. The analysis was carried out as 
previously described. The proportionality between the amount of GAR 
in the assay system and the formation of AICAR from IMP is shown in 
Fig. 2, Curve A. However, on the basis of the GAR added to the assay 
system the amount of AICAR found during the reaction was consistently 
20 per cent lower than the theoretical value. The reason for this is at 
present unexplained. 

That this discrepancy was not due to the estimation of the amount of 
GAR actually present could be demonstrated by use of the second en- 
zymatic assay system based on the formation of p-aminobenzoylglutamate 
when GAR was incubated with an excess of N°, N'°-anhydroformyl-THIA 
and enzyme (reaction 1) as seen in Curve B, Iig. 2. The reaction con- 
tinued until all of the GAR was utilized. It can be seen in Fig. 2, Curve B, 
that 1 molar equivalent of p-aminobenzoylglutamate was produced for 
each equivalent of GAR initially present. In this assay the vessels con- 
tained the following materials in a final volume of 0.55 ml.: N*®,N?°- 
anhydroformyl-THIF A, 0.06 umole, Tris buffer, pH 7.8, 10 umoles, GAR 
transformylase, 30 y, and the GAR to be assayed. The vessels were 
incubated at 38° for 50 minutes and the analysis carried out as previously 
described. 

A specific comparison was made of the two methods of assay described 
above with a sample of GAR which had been prepared by de novo synthesis. 
It was found that a solution of GAR whose concentration was 1.48 uwmoles 
per ml. as measured by C™ specific activity assayed as 1.54 uwmoles per 
ml. by the second assay and as 1.20 umoles per ml. by the first assay (the 
IMP-GAR reaction). Therefore, when the assay was made by the first 
method it was necessary to correct the experimental values by multiplica- 
tion by a factor of 1.25. 
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Preparation of GAR—Since formyl-GAR in contrast to GAR is readily 
formed by a crude enzyme system of pigeon liver (13), a method was 
developed to prepare GAR by the chemical deformylation of formyl-GAR 
in 0.1 N acid at 100° for a short period of time. 

After the reaction the solutions were neutralized and assayed for GAR 
by enzymatic Method 1. It was found that under the conditions of the 
experiment shown in Fig. 3 the maximal amount of enzymatically active 
GAR was produced after hydrolysis for 13 to 30 minutes. At longer 
periods of hydrolysis there was considerable loss of product due probably 
to other hydrolytic cleavages of the compound. The barium salt of GAR, 


25; 


myuMOLES PRODUCT FORMED 


myMOLES GAR (C-I4 ASSAY) 
Fic. 2. Enzymatic assays for the determination of glycinamide ribotide. Curves 
A and B represent the assays carried out by modified procedures of Methods 1 and 2, 
respectively. In these procedures, which are described in detail in the text, the 
enzyme was added in excess and the substrate, GAR, was limiting. AICAR is the 
product of the reaction in Method 1 and p-aminobenzoylglutamate in Method 2. 


free of residual formyl-GAR and decomposition products, was obtained 
from these acid hydrolysates by use of a Dowex 1 acetate column according 
to the method of Hartman et al. (13). 

Three methods of analysis were used to compare GAR prepared by this 
procedure and GAR- produced by enzymatic synthesis de novo. These 
were a radioactivity assay, an assay for free amino groups by the ninhydrin 
reaction (14), and the quantitative enzymatic assay for GAR (Method 1). 
The results of this comparison are shown in Table II. Analysis based 
upon the C™ content and the free amino groups of GAR prepared by en- 
zymatic de novo synthesis (13) corresponded to the amount of GAR as 
measured enzymatically. However, GAR prepared chemically from 
formyl-GAR showed only 39 to 78 per cent of the enzymatic activity 
expected on the basis of analysis by the other two methods. Upon chro- 
matographing a sample of chemically prepared GAR all of the C" and 
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ninhydrin-reactive material corresponded to the Ry of authentic GAR 
in the solvent system described under ‘‘Methods.”’ Thus, all of the 
material behaved as GAR by chromatographic analysis although only a 
part of it was active by enzymatic analysis. It is probable that this 
enzymatically inactive form of GAR has the a configuration. The as- 


TABLE 
Purification of Glycinamide Ribotide Transformylase 


Fraction Volume concen be Yield 
unils 
mil. ~4 per cent 
I. Acetone powder extract..| 1390 30.0 0.92 38,200 
II. Calcium phosphate gel... 1300 3.9 6.6 | 33,100 7.2 87 
III. Ammonium sulfate....... 130 5.0 26.5 17,250 | 28.8 45 
IV. Dialysis. ...............4) 130 1.8 53.6 12,600 | 58.5 33 


io 20 30 40 50 60 70 
HYDROLYSIS TIME ~- MINUTES 

Fic. 3. Acid hydrolysis of formyl-GAR to GAR. Vessels containing 0.032 umole 
of formyl-GAR in 0.1 N HCl were heated for varying lengths of time in a water bath 
at 100°. After neutralization, the solutions were assayed enzymatically for GAR 
by Method 1. 


% FORMYL-GAR CONVERTED TO GAR 


sumption is made that the enzymatically active precursors of inosinic 
acid are of the same configuration and hence of the 6 form. 

Further evidence that acid hydrolysis has produced racemization is that 
a sample of metabolically inactive formyl-GAR prepared by Hartman 
et al. (13) yielded upon hydrolysis a form of GAR which was enzymatically 
active. 

Recent experiments by Dr. 8S. C. Hartman indicate that hydrolysis 
of formyl-GAR in HBr at pH 1 for 15 minutes at 100° results in optimal 
yields of metabolically active GAR (Experiment 8, Table II). 


\ 

\ 
| 


the 


his 


th 
R 


L. WARREN AND J. M. BUCHANAN 619 


Materials—Yolic acid, p-aminobenzoylglutamate, and synthetic N>°- 
formyl-5 ,6,7,8-THFA (leucovorin) were the generous gifts of Dr. H. P. 
Broquist, Dr. T. H. Jukes, Dr. D. B. Cosulich, Dr. B. L. Hutchings, and 
Dr. E. C. De Renzo of the Lederle Laboratories. N*,N!°-Anhydroformyl- 
THF A, which was prepared from leucovorin, was obtained from the Lederle 
group as isoleucovorin chloride, anhydroleucovorin A, and anhydroleu- 
covorin B. These three materials are all cyclic, anhydro compounds 
which are formed under different conditions of crystallization (15). The 
naturally occurring N*-formyl-5,6,7,8-THFA was a gift of Dr. M. Silver- 
man. The preparation of 5,6,7,8-tetrahydrofolic acid, N'!°-formyl- 


TABLE II 
Assay of Samples of Glycinamide Ribotide 
Concentration of GAR 
Experi tN Method of GAR ti 
riment No. Me reparation ‘ . which is enz - 
assay assay assay 
pmoles pmoles pmoles 
per ml. per 
| De novo synthesis 7 0.17 0.18 106 
2 0.25 0.24 96 
3 Hydrolysis of formyl-GAR| 4.00 2.20 55 
4 0.76 0.47 62 
5 3.38 1.32 39 
6 | 2.42 2.42 1.37 57 
7 0.96 0.40 42 


* This sample was hydrolyzed in HBr at pH 1 by Dr. 8. C. Hartman whereas the 
samples from Experiments 3 to 7 were hydrolyzed in 0.1 N HCI for 15 minutes at 100°. 


5,6,7,8-tetrahydrofolic acid, homocysteine, and glycinamide riboside 
is described elsewhere (10). 


Results 


Purification of Enzyme—Method 1 was used for the assay during the 
purification of GAR transformylase, but Method 2 with measurement of 
p-aminobenzoylglutamate formation was employed in the studies con- 
cerned with the properties of the enzyme. All purification procedures 
were carried out at 4°. 

Fraction 1. Acetone Powder Extract—-Acetone powder of chicken liver 
Was made essentially by the method described by Korn et al. (16) for beef 
liver. 200 gm. of chicken liver acetone powder were extracted with 2000 
ml. of 0.01 m Tris buffer, pH 7.4, at 4° for 30 minutes. Upon centrifugation 
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at 9000 X g for 15 minutes, a clear supernatant solution (1390 ml.) con- 
taining 30 mg. of protein per ml. was obtained. This solution is referred 
to as Fraction I. 

Fraction II. Calcium Phosphate Gel—The calcium phosphate gel (17) 
was prepared for use by centrifugation of the calcium phosphate gel suspen- 
sion and by discarding the supernatant aqueous phase. Fraction I was 
adjusted to pH 6.1 and 4.17 gm. of calcium phosphate gel were admixed. 
The pH of the suspension was readjusted to 6.1. The suspension was 
stirred mechanically for 1 hour and then centrifuged. It was washed with 
2 liters of distilled water and after 10 minutes of stirring was recentrifuged. 
The suspension was further washed with two 1600 ml. portions of 0.01 
M potassium phosphate buffer, pH 7.4. The enzyme was then eluted 
from the gel by a gentle stirring for 1 hour, first with 700 ml. of 0.1 m 
potassium phosphate buffer, pH 7.4, and then with 600 ml. The two 
eluates were combined and designated as Fraction II. This procedure 
resulted in a 7-fold purification of the enzyme with a yield of 90 per cent. 

Fraction III. Ammonium Sulfate Fractionation—To 1300 ml. of Frac- 
tion II containing 3.9 mg. of protein per ml. were added 278 gm. of am- 
monium sulfate to bring the salt concentration to 0.4 saturation. The 
protein precipitate was removed by centrifugation and 127 gm. of solid 
ammonium sulfate were added to the supernatant solution (0.5 saturation). 
The resulting precipitate was collected by centrifugation and dissolved 
in 130 ml. of 0.05 m Tris buffer, pH 7.4. This solution is designated as 
Fraction ITT. 

Fraction IV. Purification by Dialysis—Fraction III was dialyzed in 10 
ml. quantities against 1 liter of distilled water which was changed twice 
during the dialysis period. After dialysis for approximately 4 hours, a 
small amount of precipitate could be detected in the dialysis sac. This 
fraction, which was collected by centrifugation before the bulk of the protein 
precipitated, was dissolved in the original volume of 0.05 m Tris buffer, 
pH 7.8. This material, referred to as Fraction IV, was devoid of AICAR 
transformylase and inosinicase activity of the acetone powder extract 
and was obtained in a final yield of 33 per cent. This preparation of 
enzyme does not lose appreciable activity when stored at —10° for 8 
months. 

Investigation of the GAR Transformylase Reaction—The studies reported 
in this section are concerned primarily with reaction 1 as measured by 
the formation of p-aminobenzoylglutamate. 

Stoichiometry of Reaction 1—Experiments were carried out in which 
GAR-1-C"™ was enzymatically converted to formyl-GAR in the presence 
of N*,N'°-anhydroformyl-THFA and the reaction mixture was analyzed 
for its content of these two nucleotides by use of a Dowex 1 acetate column. 
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p-Aminobenzoylglutamate was determined on an aliquot of the reaction 
mixture. In Table III it may be seen that for every mole of GAR that 
disappeared an equivalent amount of formyl-GAR and p-aminobenzoy]l- 
glutamate was formed. The C'-containing materials were eluted from 
the Dowex 1 acetate column in the same manner characteristic of known 
samples of GAR and formyl-GAR (13). The identity of the GAR and 
formyl-GAR isolated was checked by comparison of their Rr values with 


TaBLeE III 
Stoichiometry of Reaction Catalyzed by Glycinamide Ribotide Transformylase 
Aryl- AR di Formyl- 
Contents of vessels amine ap- 
pmole umole pmole 
1 Complete 0.29 0.25 0.31 
' minus tryptophan 0.23 0.15 0.22 
| 0 0 0 
2 7 0.89 0.88 0.82 
= minus tryptophan 0.69 0.63 0.65 
‘¢ | 0 0 0 


In Experiment 1 the incubation system contained the following in a volume of 3.8 
ml.: GAR-1-C', 0.9 umole (20,750 c.p.m. per umole); N°, N!°-anhydroformyl-THFA 
(isoleucovorin chloride), 3 wmoles; tryptophan, 5 wmoles; Tris buffer, pH 7.4, 200 
umoles; GAR transformylase, 150 y. The vessels were incubated for 30 minutes at 
37°. The reaction was terminated by heating the vessels for 1 minute at 100°. The 
precipitate was discarded and the supernatant solution was placed on a Dowex 1 
acetate column (0.8 X 6 cm.) and eluted and assayed by the method of Hartman 
et al. (13). In Experiment 2 the incubation system contained the following in a 
volume of 3.0 ml.: GAR-1-C", 0.9 umole (20,750 c.p.m. per umole); N*, N'°-anhydro- 
formyl-THFA (isoleucovorin chloride), 1.2 umoles; tryptophan, 5 wmoles; Tris buf- 
fer, pH 7.4, 200 wzmoles; GAR transformylase, 200 y. The vessels were incubated 
for 50 minutes at 37°. 


authentic samples of both compounds on Whatman No. 1 paper with 
the solvent system described under ‘‘Methods.” Furthermore, both 
compounds obtained from the columns were also active in the enzymatic 
assays for GAR and formyl-GAR, respectively. The measurement of 
p-aminobenzoylglutamate to follow the transformylation reaction catalyzed 
by GAR transformylase can undoubtedly be used to study other trans- 
formylation reactions. The quantitative production of p-aminobenzoyl- 
glutamate occurs also in the reaction catalyzed by AICAR transformylase 
(3) and is a measure, specifically, of the amount of THFA produced upon 
transfer of a formyl group from N*,N'°-anhydroformyl-THFA to a formyl] 
acceptor. 
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In this connection it was observed by Keresztesy and Silverman (18) 
that N*°-formyl-THFA (citrovorum factor) was cleaved by a crude horse 
liver enzyme to yield p-aminobenzoylglutamate, provided .L-glutamic 
acid was present. Recently Silverman et al. (19) have reported that 
in this reaction N*5-formyl-THFA donates its formyl group to glutamic 
acid to form N-formylglutamic acid and THFA. The THFA formed 
breaks down non-enzymatically to p-aminobenzoylglutamic acid. There- 
fore, both in these studies and in our own (2), transformylation reactions 
have been followed by an enzymatic formation of THFA and an ensuing 
non-enzymatic cleavage of THIFA to liberate p-aminobenzoylglutamic 
acid. 

Comparison of Reduced Folic Acid Compounds As Formyl Group Donors— 
Further studies on the stoichiometry of reaction 1 have been carried out 
in which the formy] acceptor, GAR, is added in excess of the formyl] donor, 
one of the formylated tetrahydrofolic acid derivatives. As shown in 
Table IV, under these conditions N*,N'°-anhydroformyl-THIFA (isoleu- 
covorin chloride) and N'°-formyl-THFA donate a formyl group and break 
down to p-aminobenzoylglutamate completely. In contrast, the N’*- 
formyl derivatives, leucovorin, and citrovorum factor, are metabolically 
inert unless the enzymatic system is supplied with an N°-formyl-THFA- 
activating enzyme and ATP (5). It is of special interest that the chemi- 
cally synthesized N°-formyl-THFA, leucovorin, donates only 50 per cent 
of its formyl group, whereas the N°*-formyl-THFA isolated from natural 
sources, citrovorum factor, reacts almost completely. The same _leu- 
covorin which was only 50 per cent utilized when activated enzymatically 
is approximately 100 per cent utilized when treated in 0.1 N HCl, condi- 
tions which are known to convert leucovorin into N*,N?'°-anhydroformyl- 
THFA (15). 

These experiments introduce new factors which must be taken into 
account in the consideration of the mechanism of enzymatic transformyla- 
tion. The difference in utilization of leucovorin and the naturally occur- 
ring citrovorum factor in this as well as in the bacterial growth studies (20) 
is explained on the basis of stereoisomerism. Whereas the synthetically 
prepared leucovorin contains two isomers due to asymmetry about the 6 
carbon atom of the pteridine ring, the natural product, citrovorum factor, 
consists of only one of these two isomers. This isomer is active in en- 
zymatic systems. These experiments demonstrate that the enzymatic 
activation of N°*-formyl-THIA stereospecific in character. In all 
probability this activation of N*°-formyl-THFA involves its conversion to 
either N*,N'°-anhydroformyl-THFA or to N'°-formyl-THFA (21, 22). 

Accordingly, the quantitative utilization of N*®,N'°-anhydroformyl- 
THFA and N'°-formyl-THFA is a fact of special importance in the inter- 
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pretation of the structures of folic acid compounds during transformyla- 
tion since they are chemically prepared compounds and would be expected 


TaBLeE IV 
Ability of Folic Acid Compounds To Donate Their Formyl Groups 
p-Ami- 
ment System Folic acid compound added added comneund 
No. mate | utilized 
formed 
myumoles| myumoles 
| Complete Isoleucovorin chloride | 10 | 10.6 106 
20 | 18.2 91 
30 30.0 100 
minus GAR 10 | 0 0 
2* | Complete Leucovorin 20 9.8 49 
40 | 18.1 45 
minus GAR 40 0 0 
transformylase 
Complete minus activat- a 40 0 0 
ing system 
3 Complete Acidified leucovorin 10 9.5 95 
7 20 | 16.4 82 
25 22 5 90 
minus GAR 20 0 0 
4* Complete Citrovorum factor 10 9.8 98 
20 | 16.3 81 
minus GAR 20 0 0 
5t | Complete N'°-Formyl-THFA 21 | 22.0 105 
minus GAR 21 0 0 


The complete system for all vessels contained the following materials in a final 
volume of 0.55 ml.: GAR, 0.1 umole; GAR transformylase, 20 7; Tris buffer, pH 7.8, 
50 umoles, and the folic acid compounds indicated. The vessels were incubated 
for 50 minutes at 37° and the reaction was terminated by the addition of 30 per cent 
trichloroacetic acid. Leucovorin and the citrovorum factor were the synthetic and 
naturally occurring forms of N*-formyl-THFA, respectively. Isoleucovorin chlo- 
ride is N5,N!°-anhydroformyl-THFA. N'°-Formyl-THFA was prepared by permit- 
ting a solution of the N°, N!°-anhydroformyl-THFA to stand at pH 9 at room tem- 
perature for 2 hours under helium. The pH was adjusted to 7.8 before use. 

* The vessels of Experiments 2 and 4 contained, except when indicated, two addi- 
tions to the complete system. They were 0.2 umole of ATP and 100 y of the N°- 
formyl-THFA-activating enzyme. 

t In Experiment 3 the leucovorin was allowed to stand in 0.1 N HCl for 20 hours 
under helium. The solutions were neutralized just prior to use. 


to be racemates. Since it is unlikely that both stereoisomeric forms of 
the racemate would be utilized directly as such, it is necessary to assume 
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that during transformylation there are interconversions of the stereoiso- 
meric forms of the reduced folic acid compounds by which the inactive 
form is converted to the active form. It is also possible that both forms 
of the racemate are converted to a third form which does not possess 
asymmetry at the 6 position of the pteridine ring and that it is this latter 
substance which is the transformylating agent. If this is so, elimination 
of asymmetry at position 6 of the pteridine ring is more likely to occur 
in the bridged N°, N?°-anhydroformyl-THFA structure than in N!°-formyl- 
THFA. A possible mechanism would be the shift of the double bond of 
the imidazolinium ring of N*,N'°-anhydroformyl-THFA into the N;-C, 
position of the pyrazine ring. 

It is of interest to compare our data with the observations of Rabino- 
witz and Pricer (23). They found that an enzyme in extracts of Clos- 
tridium cylindrosporum which converted N'°-anhydroformyl-THFA 
to N'°-formyl-THFA acted only upon one isomer of synthetic N*°,N™ 
anhydroformyl-THFA. This result contrasts with our finding that both 
isomers of synthetic N°, N'°-anhydroformyl-THFA and N'°-formyl-THFA 
are utilized in transformylation reactions. A fundamental difference 
between the two systems, aside from the fact that different reactions are 
involved, is that in Tris buffer used in our system N°, N!°-anhydroformyl- 
THFA is rapidly and spontaneously converted to N'°-formyl-THFA, 
whereas in maleate buffer, used by Rabinowitz and Pricer, this transfor- 
mation takes place at a negligible rate. 

These studies do not in themselves answer the question of the specific 
identity of the immediate formyl donor. They do, however, point to 
the fact that, in addition to the known chemical interconversion of N°, N'®- 
anhydroformyl-THFA and WN'°-formyl-THFA (15), there are further 
alterations of folic acid compounds possibly through resonance of the 
anhydro structure, which permit utilization of both stereoisomers, 

Properties of Enzyme Reaction—The rate of the GAR transformylase 
reaction is a maximum at a pH of 7.8 in Tris buffer at 38°. K,, values 
at 38° were determined for N°, N'®°-anhydroformyl-THIFA (isoleucovorin) 
and for GAR. The determinations were carried out with an excess of 
substrates for a period of 3 minutes. The average of four determinations 
for the K,, value of GAR was5.2 K 10-5 and for N°, N'°-anhydroformyl- 
THFA it was5.8 X 10-5m. The determination of the K,, value of N°, N?°- 
anhydroformyl-THFA is reported with the reservation in mind that the 
identity of the true formyl donor is not known and that there is some con- 
version of N°, N'°-anhydroformyl-THFA to N?°-formyl-THFA during the 
interval of the reaction. 

Reaction 1, which is essentially irreversible, did not occur if glycine, 
glycinamide, or glycinamide riboside was substituted for GAR. The 
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reaction progresses equally well under both anaerobic and aerobic condi- 
tions. Potassium ions and vitamin Biz had no effect on the system. 
Copper ions at a concentration of 10~-° m inhibited the reaction to the 
extent of 95 per cent. 

Effect of Amino Acids—In contrast to the effect of pt-homocysteine on 
reaction 2 catalyzed by purified enzymes (10) no effect of this compound on 
reaction 1 has been observed. 

With some purified preparations of GAR transformylase a stimulatory 
effect of substrate quantities of certain amino acids was noted, among them 
tryptophan (Table III), histidine, and glycine. In the absence of either 
the formyl donor, N*,N'°-anhydroformyl-THFA or the acceptor, GAR, 
there was no reaction. The effect of the amino acids was not due to their 
replacement of either of these compounds in the reaction. The mechanism 
of their action is unknown. 


SUMMARY 


2-Amino-N-ribosylacetamide 5’-phosphate (glycinamide ribotide) trans- 
formylase has been purified 58-fold from acetone powder of chicken liver. 
It catalyzes the following reaction: N’°-anhydroformyltetrahydrofolic 
acid + 2-amino-N-ribosylacetamide 5’-phosphate + H,O — tetrahydro- 
folic acid + 2-formamido-N-ribosylacetamide 5’-phosphate. The reaction 
is measured by the chemical formation of p-aminobenzoylglutamic acid 
from tetrahydrofolic acid which is formed enzymatically in the above 
system. Comparison has been made of the various formylated derivatives 
of tetrahydrofolic acid for their ability to donate formyl] groups in the above 
reaction. A convenient procedure for the chemical formation of 2-amino- 
N-ribosylacetamide 5’-phosphate from 2-formamido-N-ribosylacetamide 
5’-phosphate is reported. 
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In the two preceding papers of this series two separate transformylases 
have been purified from chicken liver (3, 4). These enzymes, glycinamide 
ribotide':? transformylase and 5-amino-4-imidazolecarboxamide ribotide 
transformylase, are responsible for the incorporation of formyl groups into 
intermediates of purine biosynthesis and account for the utilization of 
formate for position 2 (reaction 1) and position 8 (reaction 2) of the purine 
ring, respectively. In both of these reactions, N*,N'°-anhydroformy]- 
THFA, present in substrate quantities, is the formyl donor. Greenberg 


* Preliminary reports of this work have been published (1,2). This work has been 
supported by grants-in-aid from the National Cancer Institute, National Institutes 
of Health, United States Public Health Service, and the National Science Founda- 
tion. 

t Fellow of the Life Insurance Medical Research Fund (1954-57). 

! The following are systematic names of the intermediates of purine biosynthesis 
mentioned in this paper: 2-amino-N-ribosylacetamide 5’-phosphate, glycinamide 
ribotide; 2-formamido-N-ribosylacetamide 5’-phosphate, formylglycinamide ribo- 
tide; 2-formamido-N-ribosylacetamidine 5’-phosphate, formylglycinamidine ribo- 
tide; 5-amino-1-ribosylimidazole 5’-phosphate, 5-aminoimidazole ribotide; 5-amino-1- 
ribosyl -4-imidazolecarboxamide 5’-phosphate, 5-amino -4-imidazolecarboxamide 
ribotide; 5-formamido-1-ribosyl-4-imidazolecarboxamide 5’- phosphate, 5-formam- 
ido-4-imidazolecarboxamide ribotide. 

2 The following abbreviations have been used: GAR, glycinamide ribotide; formyl- 
GAR, formylglycinamide ribotide; AICA, 5-amino-4-imidazolecarboxamide; AICAR, 
5-amino-4-imidazolecarboxamide ribotide; formyl-AICA, 5-formamido-4-imidazole- 
carboxamide; formyl-AICAR, 5-formamido-4-imidazolecarboxamide ribotide; IMP, 
inosinie acid; TPN and TPNH, oxidized and reduced triphosphopyridine nucleotide, 
respectively; DPN and DPNH, oxidized and reduced diphosphopyridine nucleotide, 
respectively; ATP, adenosine triphosphate; ADP, adenosine diphosphate; Pj, inor- 
ganic phosphate; Tris, tris(hydroxymethyl)aminomethane; THFA, 5,6,7,8-tetra- 
hydrofolic acid. N*,N'°-anhydroformyl-THFA (isoleucovorin chloride) refers to 
the imidazolinium form of formyltetrahydrofolic acid (5). Formyl-THFA refers in 
a general way to formyl] derivatives of THFA which are metabolically produced with- 
out reference to their specific form. 

At the request of the Editors of the Journal of Biological Chemistry, we have 
changed certain abbreviations standardly used in previous communications. The 
formyl group previously indicated as ‘‘F’’ will henceforth be written out so that 
FGAR becomes formyl-GAR, and FAICAR becomes formyl-AICAR. 
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(6) has previously shown that N*,N!°-anhydroformyl-THFA could be a 
source of formyl groups in reaction 1. 


(1) AICAR + N5,N?°-anhydroformyl-THFA IMP + THFA 

(2) GAR + N5,N*°-anhydroformyl-THFA + H.O — formyl-GAR + THFA 
(3) IMP + GAR + H.O — AICAR + formyl-GAR 

(4) Formyl-AICAR = IMP + H:,O 

(5) IMP + glycine + TPNH + H*t + H.O = AICAR 4+ serine + TPN 


N 
H 


= oa 
\ / N-R-5¢P INOSINICASE \ 7 SN-R-5-P 
N 


NH 
INOSINIC ACID 5- FORMAMIDO-1-RIBOSYL-4- IMIDAZOLE 


(IMP) CARBOXAMIDE -5'- PHOSPHATE (FORMYL AICAR | 


O 


Kt 
THFA /\ + FORMYL THFA 
cHo 
TRANSFORMYLASE 
\N-R-5'-P R-5'-P 


FORMYL AICAR AMINO-I- -RIgOSYL-4- IMIDAZOLE 
CARBOXAMIDE PHOSPHATE 


FORMYL THHA + >THFA + C oH 
TRANSFORMYLASE a 
O ‘N-R-5*P O N-R-5'-P 


2-AMINO-N-RIBOSYLACE TAMIDE RIBOSYL- 
5*PHOSPHATE (GAR) ACE TAMIDE TE (FORMYL GARE 


D1aGraM 1. The components of the IMP-GAR reaction sequence 


In this paper we wish to discuss the IMP-GAR reaction (reaction 3 and 
Diagram 1) which is carried out by the combined action of these two 
transformylases and inosinicase, an enzyme which is always present in 
AICAR transformylase preparations and which is responsible for reaction 
4. The IMP-GAR reaction requires catalytic quantities of a reduced 
folic acid compound in addition to potassium ions and a non-specific 
reducing agent, among them homocysteine. 

Reaction 3 has certain features in common with reaction 5 (the IMP- 
glycine system) which has been described in a previous communication 
(7), but is in contrast to it in that there is no change in the oxidation level 
of the single carbon unit which is transferred. 


fi 
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Materials and Methods 


Assay Method for Reaction 3—The assay procedure is based upon the 
measurement of the formation of the arylamine, AICAR. In general, 
the assay vessel contained the following materials in a final volume of 
0.55 ml.: IMP, 1.25 pmoles; GAR, 0.04 umole; KCl, 2.0 umoles; homocys- 
teine, 0.5 umole; Tris buffer, pH 8, 10 umoles; folic acid compound, 0.01 
umole; GAR transformylase, 10 y; AICAR transformylase and inosinicase, 
50 y. The vessels were incubated at 37° for varying lengths of time and 
analysis for non-acetylable arylamines was carried out by a micromodifi- 
cation of the Bratton-Marshall method (8) previously described (7). In 
the anaerobic reactions, the conditions of the assay were the same except 
that the incubation was carried out in Thunberg vessels in an atmosphere 
of nitrogen. 

THFA was prepared from folic acid by the method of O’Dell et al. (9). 
Platinum oxide was the product of the American Platinum Works. Folic 
acid, N*-formyltetrahydrofolic acid (leucovorin), and N*,N!°-anhydro- 
formyltetrahydrofolic acid (isoleucovorin chloride) were generous gifts of 
Dr. H. P. Broquist and Dr. T. H. Jukes of Lederle Laboratories and Dr. 
D. B. Cosulich of the Calco Division, American Cyanamid Company. 
Folic acid has also been obtained from the Mann Research Laboratories. 
N’°-formyltetrahydrofolic acid was obtained by permitting N°, N'°-anhydro- 
formyl-THFA to stand at pH 9.5 under helium for 1 to 2 hours. Gly- 
cinamide riboside was prepared from GAR by enzymatic dephosphoryla- 
tion. 

The preparations of IMP (10, 11) and AICAR (12) were the same as 
those previously described. DPN, TPN, and ATP were products of the 
Pabst Laboratories. DPNH, glucose-6-phosphate dehydrogenase, and 
ethanol dehydrogenase were obtained from the Sigma Chemical Company. 
pL-Homocysteine was prepared by dissolving 1 equivalent of pit-homo- 
cysteine thiolactone (Mann Research Laboratories) in 5 equivalents of 
alkali at room temperature. The solution was then neutralized after 
standing for 1 hour. .u-Cysteine hydrochloride was obtained from the 
Nutritional Biochemicals Corporation, ascorbic acid from Merck and 
Company, Inc., Versene from Bersworth Chemical Company, glutathione 
from the Schwarz Laboratories, Inc., and sodium borohydride from Metal 
Hydrides, Inc. GAR was obtained by the acid hydrolysis of formyl- 
GAR under conditions which have been described in Paper XIX (4). The 
free base and ribotide, formyl-AICA and formyl-AICAR, were prepared 
by the chemical formylation of AICA and AICAR, respectively, as pre- 
viously reported in Paper XVIII (3). 

Enzyme Preparations—GAR transformylase (4), AICAR transformylase, 
and inosinicase (3) were purified by procedures previously described. 
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As noted in the procedure for the purification of GAR transformylase 
(Fraction II) the fraction of acetone powder extract which was not absorbed 
by calcium phosphate gel contained the ATP-N°*-formyl-THFA-activating 
enzyme (13) which converts N*-formyl-THFA into an enzymatically active 
formyl] derivative of tetrahydrofolic acid. 

In early exploratory experiments a crude enzyme preparation was used 
to demonstrate the occurrence of the IMP-GAR reaction. These prepa- 
rations were either a protein fraction of chicken liver precipitating between 
15 to 30 per cent ethanol concentration or a protein fraction of pigeon 


TABLE I 
Stoichiometry of IMP-GAR Reaction 


Products formed 
Vessel No. System 
AICAR Formy!-GAR 
pmole pmole 
1 Complete 0.320 0.347 
2 minus GAR : 0.002 0.005 
3 enzyme 0 0.001 
4 GAR + glycine 0.009 0.002 


The complete system contained the following in a final volume of 2.5 ml.: IMP, 
2.5 umoles; GAR, 0.75 umole; Tris buffer, pH 7.4, 250 umoles; 15 to 30 per cent etha- 
nol fraction of chicken liver, 10 mg., and where indicated glycine, 0.75 ymole. The 
vessels were incubated for 40 minutes at 38°. The reaction was terminated by the 
addition of 0.5 ml. of 10 per cent trichloroacetic acid with the exception noted below. 
Assay was carried out for AICAR formation on an aliquot of the deproteinized reac- 
tion mixture without acetylation. The remainder of the reaction mixture was as- 
sayed for formyl-GAR formation by the Dowex 1 column procedure of Hartman et 
al. (14). Formyl-GAR was also determined by its enzymatic conversion to 5-amino- 
imidazole ribotide (15). 


liver precipitating between 25 and 45 per cent ethanol concentration (7). 
A crude fractionation of the two transformylases present in the ethanol 
preparation of chicken liver could be achieved by use of ammonium sulfate 
as described in Table VI of Paper XVII (7). The lower ammonium sulfate 
fraction contained primarily GAR transformylase, whereas the upper frac- 
tion contained inosinicase and AICAR transformylase. 


Results 


Stoichiometry of IMP-GAR Reaction—¥rom Table I it may be seen 
that when IMP and GAR are allowed to react in the presence of a crude 
ethanol fraction of pigeon liver, GAR may act as a formyl acceptor to 
yield formyl-GAR. Simultaneously, IMP breaks down to AICAR with 


| 
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carbon atom 2 of the purine ring as a source of formyl groups. For every 
mole of AICAR formed approximately 1 mole of formyl-GAR was pro- 
duced. 

Requirements of Enzymatic System—When the reaction was carried out 
by a crude untreated enzyme system such as the 15 to 30 per cent ethanol 
fraction of chicken liver, there were no further requirements for the system 
other than the substrates themselves (4). Upon dialyzing this fraction 
and subjecting it to treatment with Dowex 1 chloride and Norit (7), the 
reaction could not proceed in the absence of certain cofactors present 
in boiled extract of liver. In view of the requirement for reduced folic 


TABLE II 


Stimulation of Pyridine Nucleotides of IMP-GAR 
Reaction in Crude Enzymatic System 


Vessel No. Additions to basic system Arylamine formed 
mymoles 
1 None 11.8 
2 DPN + ethanol + alcohol dehydrogenase 16.0 
3 DPNH 15.5 
4 | L-Malate + TPN 14.0 


The following materials were present in the basic enzymatic system: IMP, 2.5 
umoles; GAR, 0.025 umole; Tris buffer, pH 7.4, 10 umoles; KCl, 1 wmole; N°, 
anhydroformyl-THFA, 0.01 umole; 15 to 30 per cent ethanol fraction of chicken liver 
treated with Dowex 1 chloride and Norit, 0.8 mg. Where indicated the following 
additions were made: DPN, 0.03 umole; ethanol, 30 umoles; alcohol dehydrogenase, 
50 y; DPNH, 0.04 umole; L-malate, 0.05 umole; TPN, 0.01 wmole. The final volume 
was 0.55 ml. and the incubation was carried out for 35 minutes at 38°. Analysis was 
carried out for arylamine in the usual way with acetylation. 


acid compounds and potassium ions for the IMP-glycine system (reaction 
5), it was thought that these substances would be necessary for the IMP- 
GAR system (reaction 3). Such was found to be the case. When either 
TPN or DPN was added to the latter system, a small but consistent 
increase in the rate of AICAR synthesis was observed (Table 11). Homo- 
cysteine, ascorbic acid, and other reducing agents were without effect in 
this crude system. 7 

However, when the IMP-GAR reaction was carried out with purified 
enzymes, the stimulatory effect of DPN or TPN was small or negligible 
and there was marked requirement for one of a number of reducing sub- 
stances, among them homocysteine, ascorbic acid, sodium sulfide, sodium 
borohydride, cysteine, and glutathione (Table III). Homocysteine was 
considerably more effective than any other reductant. 
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It should be noted that 2,3 ,5-triphenyltetrazolium chloride in Experi- 
ment 3, Table IIT, had no effect on the reaction and that in Experiment 2, 


TABLE III 


Requirement for Reducing Substances in the IMP-GAR 
System Studied with Purified Enzymes 


Expgriment No. Additions to basic system 
umole mumoles 
1 1 None 6.5 
2 pL-Homocysteine 0.5 25.7 
3 Ascorbie acid 0.05 13.6 
2 1 None 2.7 
2 pL-Homocysteine 0.3 10.2 
3 L-Cysteine 0.3 4.5 
4 Glutathione 0.3 3.6 
5 Versene 0.5 5.9 
3 1 None 1.6 
2 pL-Homocysteine 0.5 32.8 
3 0.3 24.8 
4 NaBH, 0.3 12.8 
5 2,3,5-Triphenyltetrazolium chloride 0.3 2.4 
4 1 None 2.4 
2 Ascorbic acid 0.05 7.3 
3 DPNH 0.02 3.9 
4 DPN 0.02 2.7 
5 Ascorbic acid + DPNH 0.05 + 0.02; 7.9 
6 ‘* + DPN 0.05 + 0.02) 8.4 
7 L-Homocysteine 0.1 14.1 
8 L-Cysteine 0.1 5.1 
9 Glutathione 0.1 6.3 


The final volume of all vessels was 0.55 ml. The incubations were carried out at 
37° for 40, 30, 50, and 35 minutes in Experiments 1, 2, 3, and 4, respectively. Assay 
was carried out for arylamine in the usual way with acetylation. The following ma- 
terials were present in the basic enzymatic systems: Experiments 1 and 2, GAR, 
0.062 umole; IMP, 1.25 uwmoles; N*,N’'°-anhydroformyl-THFA, 0.02 umole; KCl, 
1 umole; Tris buffer, pH 8, 25 wmoles; GAR transformylase, 10 7; inosinicase and 
AICAR transformylase, 40 7; Experiment 3, GAR, 0.047 umole; IMP, 1.25 umoles; 
KCl, 2 uwmoles; N5, N!°-anhydroformyl-THFA, 0.01 umole; Tris buffer, pH 8, 50 
umoles; GAR transformylase, 20 7; inosinicase and AICAR transformylase, 50 7; 
Experiment 4, GAR, 0.037 wmole; IMP, 1.25 umoles; N°, N'°-anhydroformyl-THFA, 
0.02 nmole; KCl, 1 zmole; Tris buffer, pH 7.4, 10 wmoles; GAR transformylase, 10 7; 
AICAR transformylase, and inosinicase, 40 vy. 


cysteine and glutathione had only small effects As control experiments, 
a test was made of the effect of the reducing compounds listed in Table 
III on the Bratton-Marshall method for non-acetylable arylamines. In 
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the concentrations used in our experiments none of the compounds inter- 
fered with color development. 

When the IMP-GAR reaction was carried out anaerobically, in an 
atmosphere of nitrogen, there was negligible reaction in the absence of 
these reducing substances. Moreover, in the presence of homocysteine 
the amount of arylamine formation was the same under both aerobic or 
anaerobic conditions. It is therefore assumed that homocysteine and 


TaBLeE IV 
Requirement of Folic Acid Compounds for AICAR Synthesis 
Amount of 
Vessel No. Additions to basic system 
added 


1 None 0.0 
2 Folie acid* 10 0.1 
3 N5, N'°-Anhydroformyl-THFA 4 30.8 
4 N'°-Formyl-THFA 5 20.3 
5 N*-Formyl-THFA + activating enzymef 10 0.0 
6 + ATPT 10 21.8 


The following materials were present in the basic enzymatic system: IMP, 1.25 
umoles; GAR, 0.038 umole; KCI, 2 umoles; pt-homocysteine, 0.5 umole; Tris buffer, 
pH 8, 50 umoles; GAR transformylase, 20 y; and AICAR transformylase and ino- 
sinicase, 50 y. The final volume was 0.55 ml. The vessels were incubated at 37° 
for40 minutes. The method of assay for AICAR was the same as described in Table 
III. 

* Vessel 2 contained, in addition, the following TPNH-regenerating system: TPN, 
0.01 umole, glucose 6-phosphate, 1.25 wmoles, and glucose-6-phosphate dehydro- 
genase, 50 +. 

t The N°-formyl-THFA was a product isolated from natural sources and was the 
gift of Dr. Milton Silverman. 150 y of the N5-formyl-THFA-activating enzyme 
(see the text) was present in Vessels 7 and 8 and 0.3 umole of ATP was added to Ves- 


sel 8. 


the other reducing substances participate in the reaction by activation of 
the enzyme system rather than by maintenance solely of an anaerobic 
milieu. The stimulation of the reaction by pyridine nucleotides in the 
crude enzymatic system is at present unexplained but is possibly linked 
to the same effect shown by homocysteine in the purified system. 

Versene, one of the compounds tested for its effect in this system (Table 
III), does not fall into the classification of a reducing substance. The 
definite effect of this substance on the reaction is at present unexplained. 
In experiments not shown in the table, Versene did not further enhance the 
effects of homocysteine or ascorbic acid. 

It will be noted in Table IV that N*,N'°-anhydroformyltetrahydrofolic 


t 
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acid is required for the reaction in a catalytic amount. N'!°-Formyl-THFA 
is also effective. Folic acid itself is ineffective, while N°-formyl-THFA is 
active as a cofactor only in the presence of ATP and an N°-formyl-THFA- 
activating enzyme from chicken liver. 

The requirement for potassium ions in the IMP-GAR reaction is demon- 
strated in Fig. 1. The system is saturated with potassium ions at a con- 
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Fic. 1. Potassium ion requirement for the IMP-GAR reaction. Each vessel con- 
tained the following materials in a volume of 0.55 ml.: IMP, 2.5 umoles; GAR, 0.03 
umole; Tris buffer, pH 7.4, 10 wmoles; 15 to 30 per cent ethanol fraction of chicken 
liver dialyzed against 0.01 m Tris buffer, pH 7.4, for6 hours, 1 mg. The concentration 
of KCI was varied as indicated. The vessels were incubated for 25 minutes at 37°. 
The Bratton-Marshall assay was carried out with acetylation. 

Fic. 2. Time study of IMP-GAR reaction. The incubation vessels contained the 
following materials in a final volume of 0.55 ml.: IMP, 2.5 wmoles; GAR, 0.025 umole; 
Tris buffer, pH 7.4, 10 umoles; 15 to 30 per cent ethanol fraction of chicken liver, 0.7 
mg. The vessels were incubated at 37° for varying lengths of time. The Bratton- 
Marshall assay was carried out with acetylation. 


centration of 2 X 10-* mM. It is now known (3) that one of the enzymes 
of the IMP-GAR system, AICAR transformylase, requires potassium 
ions for its activity. 

Properties of Enzymes——Certain properties of the enzyme system have 
been studied. The reaction proceeds in a linear manner until one of the 
substrates becomes limiting (lig. 2). The enzyme system is active over 
a broad range of pH between 7 and 8.4 with an optimal activity at 7.9 
at 38°. From the point of view of substrate specificity, glycine, glycin- 
amide, and glycinamide riboside could not replace GAR as a formyl ac- 
ceptor. 
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Certain compounds of particular interest have been investigated for their 
effects upon this reaction. Magnesium chloride has no effect at 2 K 10-‘ 
M, whereas cupric ions at 10~° m inhibit the reaction to the extent of 65 
per ceut, and at a concentration 2 X 10-4 M aminopterin inhibits the 
reaction 70 per cent. es 

Formyl-AICAR As Formyl Donor—It would be expected that in the 
IMP-GAR reaction the first step would involve the opening of the purine 
ring to form formyl-AICAR. Formyl-AICAR would then be expected 
to be the actual formyl donor. Experimental evidence shown in Table V 
demonstrates that formyl-AICAR does donate formyl groups according 


TABLE V 
Comparison of Formyl-AICAR and IMP As Formyl Donors 
Vessel No. System —— 
mpmoles 
l Basie system 5.6 
2 minus GAR 0 
3 formyl-AICAR 0 
4 + IMP 2.7 
5 + formyl-AICA 0 
6 ‘¢ 1.0 


The basic system contained in a final volume of 0.55 ml. the following materials: 
formyl-AICAR, 0.05 umole; GAR, 0.05 wmole; KCl, 1 umole; N°, N'°-anhydroformy]- 
THFA, 0.02 wymole; DPN, 0.03 umole; Tris buffer, pH 7.4, 10 wmoles; GAR trans- 
formylase, 380 y; AICAR transformylase and inosinicase, 122 y. The enzymes were 
ammonium sulfate fractions of the 15 to 30 per cent ethanol fraction of chicken liver 
as described in the text. Where indicated the following additions were made: IMP, 
0.05 umole, and formyl-AICA, 0.05 umole. The vessels were incubated for 35 minutes 
at 38°. The assay for arylamine was made as described in Table III. 


to reaction 6 and that it is a more effective donor of formyl groups than is 
IMP itself. 


(6) Formyl-AICAR + GAR — formyl-GAR + AICAR 


The free base, 5-formamido-4-imidazolecarboxamide, does not participate 
in the reaction as a formyl! donor. 

Study of “Half Reactions’’—Several attempts to reverse the IMP-GAR 
reaction (reaction 3) have been unsuccessful. However, the IMP-glycine 
reaction (reaction 5) has been demonstrated to be freely reversible. Both 
reactions have the AICAR transformylase and inosinicase reactions in 
common. This indicates that the glycine-serine reaction is reversible, 
whereas the GAR transformylase reaction is not. Experiments were 
therefore devised to demonstrate the reversibility of reaction 2, 7.e. to 
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determine whether IMP could be converted to AICAR in the presence of 
and AICAR transformylase (plus inosinicase). A vessel was 
incubated containing the following in a volume of 0.7 ml.: 0.4 umole of 
IMP, 0.7 umole of THEA, 2 umoles of KCl, 0.5 umole of homocysteine, 
50 umoles of Tris buffer, pH 7.4, and 40 y of ‘AICAR transformylase and 
inosinicase. After incubation for 30 minutes at 37°, it was found that 28 
mumoles of AICAR were formed. This product which was chromato- 
graphed on Whatman No. | paper ina solvent system containing isobutyric 
acid-H,O-concentrated NH,OH (100:58:2), had an Ry of 0.32, and was 


TABLE VI 
Determination of Equilibrium Constant of Inosinicase Reaction 
IMP 

IMP Arylamine formed K = FormylAICAR 
pmoles mpumoles 

10 0.4 25, 000 

30 1.8 : 16, 600 

50 3.1 16, 100 


The enzymatic system contained the following in a volume of 0.7 ml.: inosinicase, 
400 y; Tris buffer, pH 7.0, 50 wmoles, and IMP as indicated. The vessels were incu- 
bated at 37° for 30 minutes. For each concentration of IMP, four vessels were in- 
cubated, two containing 400 y of active inosinicase and two containing 400 7 of heat- 
inactivated enzyme. After incubation the contents of one vessel of each of these 
two groups were assayed for arylamine directly while the contents of the other were 
heated at 100° in 0.1 N H.SO, for 10 minutes and then assayed for arylamine. The 
amount of formyl-AICAR present was calculated by subtracting the arylamine 
found in vessels which had not undergone heating from that found in vessels which 
had been heated. The formyl-AICAR produced enzymatically was equal to the 
amount formed in the experimental vessels containing active enzyme minus the 
blank readings in the vessels which had contained inactivated enzyme. 


identical with an authentic sample of AICAR. N"°-Formylfolic acid was 
also identified as a product of the reaction by cochromatography in the 
same solvent and by its absorption spectrum in the ultraviolet region. 
The initial product of the reaction could have been N®,N'°-anhydroformy]- 
THFA which in a basic solvent is spontaneously converted to N'°-formyl- 
folic acid in the presence of air. 

Further evidence for the identity of formyl-AICAR as a product of the 
enzymatic splitting of IMP in the presence of inosinicase has come from 
experiments in which large amounts of inosinic acid have been incubated 
with inosinicase, and analysis made for formyl-AICAR production. By 
carrying out the reaction in this direction and in the absence of a formyl 
acceptor, formyl-AICAR might accumulate since it cannot be further 
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metabolized. As may be seen in Table VI, a small but definite amount of 
a substance was formed which yielded a non-acetylable arylamine upon 
acid hydrolyis, conditions which are known to convert formyl-AICAR to 
AICAR chemically (3). The equilibrium constant for reaction 4 (K = 
IMP/formyl-AICAR) is approximately 16,000. The equilibrium of the 
reaction is, therefore, extremely favorable for ring closure. : 

These experiments again demonstrate the difficulty of accumulating 
significant amounts of formyl-AICAR during the conversion of AICAR to 
IMP without further attempts to separate AICAR transformylase from 
inosinicase. 


DISCUSSION 


The unique difference between the coupled reaction (reaction 3) and the 
two “half reactions” (reactions 1 and 2) lies in the requirement by the 
coupled reaction for a reducing substance. Although homocysteine is 
by far the most effective of the substances tested, other compounds have 
been shown to have activity. The possible role of homocysteine in formate 
transfer reactions in purine metabolism has been discussed by Greenberg 
(16) and by Berg (17). These investigators have reported experiments 
with relatively crude enzyme preparations in which homocysteine could 
stimulate the incorporation of radioactive formate into methionine, serine, 
and purines. Although it was postulated by them that homocysteine 
might be an agent of transformylation, this point of view has been dropped 
(6) because of the overwhelming evidence that a reduced folic compound 
is the coenzyme actually involved. The studies reported in this paper 
indicate that homocysteine does participate in some unknown way in the 
coupled reaction catalyzed by two relatively purified transformylases. 

Although no specific information is available to explain the necessity for 
this requirement for homocysteine, it is possible that a reducing agent 
prevents oxidation of the catalytic amounts of tetrahydrofolic acid during 
its transfer from one apoenzyme to the other. The need for a reducing 
agent in the coupled reaction contrasts with the absence of this requirement 
in either “half reaction.” In these latter reactions N° ,N'°-anhydroformyl- 
tetrahydrofolic acid in substrate quantities is the formyl donor. Since 
tetrahydrofolic acid is the product and does not reenter the enzymatic 
reaction, there is no need to preserve it in a metabolically active form. 
It is also possible that these reducing compounds may alter the apoenzymes 
in such a manner as to facilitate their association during transfer of the 
coenzyme from one apoenzyme to the other. Diagram 2 contains a 
schematic summary of the interrelationships of the compounds involved 
in the transformylation reactions described in this and in preceding papers 
(3, 4, 7). In this scheme various forms of reduced folic acid compounds 
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act as coenzymes in the acceptance and donation of single carbon units 
either at the formyl or formaldehyde level. In the two general reactions 
where GAR and glycine are single carbon acceptors, inosinic acid may be 
cleaved, reversibly, between N, and Cz of the purine ring by the enzyme, 
inosinicase, to yield formyl-AICAR. AICAR transformylase then trans- 
fers the formyl group of formyl-AICAR to its coenzyme, THFA, to form 
AICAR and a formylated derivative of THFA. 

In this scheme formyl-THFA may then donate its formyl group on the 
one hand to GAR by the action of GAR transformylase to yield formy]- 
GAR and THFA, an essentially irreversible reaction. In the second 


SERINE GLYCINE | 
IMP 
+ H,O 
FORMYL AICAR + | THFA | | CH,OH-THFA | | THFA | 
TPN | | TPNH FORMYL } 
+Ht 

\ 

ORMYL THFA | 
GAR 
AICAR 


DiaGRAmM 2. Integration of transformylation reactions ( 
] 


instance, formyl-THIFA may be reduced in the presence of TPNH and a 
specific enzyme to hydroxymethyltetrahydrofolic acid (18). This hy- 
droxymethyl group may then be reversibly transferred to glycine to form 
serine (18-21). There is evidence that pyridoxal phosphate is involved in 
this latter step (20, 22). After donation of the single carbon unit, whether 
the formyl or the hydroxymethyl group, THFA is formed and is im- ( 
mediately transferred to AICAR transformylase where it is reformylated. 

The experiments of this paper have served to emphasize the importance 
of 5-formamido-4-imidazolecarboxamide ribotide as an intermediate in 
purine biosynthesis and in transforymlation reactions in general. In 
spite of the fact that it has not been possible to accumulate this compound 
during purine biosynthesis, evidence has been presented demonstrating 
that it is readily converted to inosinic acid and may be formed to a small 
extent from inosinic acid. 
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Although the equilibrium constants for each of the individual steps are 
not precisely known, information is available for some of the reactions. 
In the case of the inosinicase reaction it has been possible to obtain an 
approximate equilibrium constant of 16,000 from the ratio of the con- 
centrations of IMP to formyl-AICAR at equilibrium. Although definite 
evidence has been obtained for the reversibility of reaction 1, the many 
side reactions which either formyl-THFA or THFA undergoes make difficult 
at this time an estimation of the equilibrium constant of this reaction or 
of reaction 7. ? 


(7) Formyl-AICAR + THFA = formyl-THFA + AICAR 


There is, however, no question of the fact that the equilibrium of reactions 
1 and 2 greatly favors the formation of IMP and formyl-GAR, respectively. 

It is of particular interest to compare the two ring-closing reactions of 
purine biosynthesis; the synthesis of IMP from formyl-AICAR (reaction 
4) and reaction 8. 


(8) Formylglycinamidine ribotide + ATP — 
5-aminoimidazole ribotide + ADP + P; 


In the latter instance considerable amounts of energy must be expended 
to close the ring in the formation of 5-aminoimidazole ribotide, whereas 
IMP formation takes place without the requirement of a coupled energy 
source. 


SUMMARY 


Three partially purified enzymes, 5-amino-1-ribosyl-4-imidazolecar- 
boxamide 5’-phosphate transformylase, inosinicase, and 2-amino-N-ribo- 
sylacetamide 5’-phosphate (glycinamide ribotide) transformylase have been 
combined to catalyze the conversion of inosinic acid and 2-amino-N- 
ribosylacetamide 5’-phosphate to 2-formamido-N-ribosylacetamide 
phosphate and 5-amino-1-ribosyl-4-imidazolecarboxamide 5’-phosphate. 
The requirements for this reaction have been found to be a reduced folic 
acid compound, potassium ions, and a reducing substance. Homocysteine 
isconsiderably more effective than other reagents tested. The interrelation- 
ships of the various compounds involved in the transformylation reactions 
of purine biosynthesis have been discussed. Further evidence supporting 
the role of 5-formamido-1-ribosyl-4-imidazolecarboxamide 5’-phosphate as 
an intermediate in purine biosynthesis de novo has been presented. 
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ON THE METABOLISM OF PURINE* 


By MILTON P. GORDON,f ORSALIA M. INTRIERI, 
AND GEORGE BOSWORTH BROWN 


(From the Laboratories of the Sloan-Kettering Division of Cornell 
University Medical College, New York, New York) — 


(Received for publication, July 12, 1957) 


Purine, I (Fig. 1), and its naturally occurring 9-8-pv-ribofuranosy] 
derivative, II (nebularine), have been shown to exhibit interesting biological 
activities! The nucleoside is distinguished by its extreme toxicity both to 
cells in culture (3) and to the whole animal (4-6), while purine is less 
toxic to the cells (3) and evidences little acute toxicity in the whole animal 
(7). Both compounds have shown some degree of differential toxicity 
toward some tumor tissues in vivo (7, 8), as well as in vitro (3), although 
the nucleoside? must be used at much smaller concentrations than purine 
(3, 7, 8). Studies of the metabolism of 9-8-p-ribofuranosylpurine in vivo 
(9) have shown that this material is converted to polynucleotide adenine 
and guanine, but a considerable proportion of the purine moiety of the 
injected nucleoside was detected after 24 hours in the cold perchloric 
acid extract of the liver. This material proved (10) to be present as the 
5’-mono-, di-, and probably the triphosphoric acid derivatives of 9-8-p- 
ribofuranosylpurine. The only urinary metabolite excreted was allantoin. 

In view of the much lower toxicity of purine as compared to its nucleoside, 
it was of interest to compare the metabolism of purine-8-C™ with that of 
its nucleoside. 


EXPERIMENTAL 


Purine-8-C'*—-This material was synthesized as previously described 
(9). Descending paper chromatography of the material on Schleicher 
and Schuell No. 597 paper with Solvent B (below) followed by radio- 
autography revealed only one radioactive component. 

Radioactivity Measurements—Unless otherwise noted, triplicate measure- 
ments of radioactivities were made by plating infinitely thin films on 10 
sq. em. aluminum planchets. An internal Geiger-Miiller flow counter 


* This investigation was supported in part by funds from the National Cancer 
Institute, National Institutes of Health, Public Health Service (grant No. CY-3190), 
and from the Atomic Energy Commission (contract No. AT (30-1) -910). 

A preliminary report has appeared (1). 

t Present address, Virus Laboratory, University of California, Berkeley 4, Cali- 
fornia. 

' For a review of the pertinent biological data see the citations in Brown et al. (2). 

? Dr. K. Sugiura and Dr. D. A. Clarke, personal communication. 


641 


642 METABOLISM OF PURINE 


equipped with an automatic sample changer was used. The standard 
error was 5 per cent or less unless otherwise noted. 

Ultraviolet Absorption Spectra—Ultraviolet absorption spectra were 
determined by the use of a Beckman model DK-2 automatic recording 
spectrophotometer and optical density values were obtained on a Beckman 
model DU. Matched 1 cm. quartz cells were used. 

Paper Chromatography— Descending chromatograms were run on What- 
man No. 3 MM paper with the use of solvent systems of the following 
compositions (volume per volume): A = n-butyl alcohol, dimethylforma- 
mide, water (1:1:1) (9); B = n-butyl alcohol, formic acid, water (77: 10: 13) 
(11); C = isopropyl alcohol, 12 hydrochloric acid, water (66: 16.6: 17.4) 
(12); D = n-butyl alcohol saturated with water, 15 N ammonia (100:1) 
(13); E = n-butyl alcohol, 5 N acetic acid (2:1) (14); F = n-butyl alcohol, 


N 
H HOCH2 


OH OH 
I 


Fic. 1. Structure of purine and its ribosyl derivative 


glacial acetic acid, water (8:2:2). For all Rye values given there were no 
significant differences between the migration of the isolated materials 
and authentic samples. 

Analysis for Purine—The following procedure is a simplified version of 
that previously described (9). The material to be tested for the presence 
of radioactive purine was mixed with a known amount of carrier purine 
(1.06 mg.), and the mixture was hydrolyzed with 72 per cent perchloric 
acid at 100° for 1 hour (15). The hydrolysate was clarified by centrifuga- 
tion, neutralized with 5 N potassium hydroxide, filtered, and made slightly 
acid with a drop of perchloric acid. Excess 10 per cent silver nitrate was 
added, and the precipitated silver purines were collected by centrifugation 
and washed twice with water. The silver salts were then decomposed with 
three 10 ml. portions of hot 1 N hydrochloric acid. The acid extracts 
were taken to dryness in vacuo about five times and stored in vacuo over 
potassium hydroxide for at least 12 hours. The residue was taken up in 
about 2 ml. of water, and chloride ions were removed by passage over a 
small column (1 ml.) of Dowex 1 (formate form). The solution was then 
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concentrated to about 0.1 ml. and chromatographed in Solvent B. Com- 
plete separation of purine from other purines was obtained. 

Administration of Labeled Compound—aAll injections were made intra- 
peritoneally under light ether anesthesia. In all experiments male Sher- 
man rats weighing about 250 gm. were used, and the administered dose 
of purine-8-C'* was 2.1 mg. per kilo (223,000 ¢.p.m. per umole) in Experi- 
ments I, II, and III. The animals were placed in metabolism cages 
with provision for the separate collection of urine and feces and main- 
tained on their accustomed diet of water and Purina chow. In Experiment 
I, three animals, each bearing a 2 week-old implant of Flexner-Jobling 
carcinoma,’ were used. After 24 hours, the livers, intestines, tumors, 
and kidneys were removed under ether anesthesia and immediately frozen 
on solid carbon dioxide. No necrosis of the tumors was evident. In 
Experiment II, two animals were used, and a 24 hour urine collection was 
made. In Experiment III, two animals were used, and, after 24 hours, 
cold perchloric acid extracts (16) of the livers, kidneys, spleens, intestines, 
brains, and testes were prepared and neutralized. In Experiment IV, 
four rats were each given purine-8-C" (780 ¢.p.m. per umole) at the dos- 
age of 250 mg. per kilo. After 1 hour the animals were sacrificed, and 
cold perchloric acid extracts were prepared (16) from the livers (420 ml., 
64,000 c.p.m. total) and kidneys (290 ml., 100,000 ¢.p.m. total). The neu- 
tralized extracts were stored at —10°. 

Incorporation into Nucleic Acids—The mixed nucleic acids were extracted 
from the various organs obtained in Experiment I (17). Since both 9-8-p- 
ribofuranosylpurine and its 5’-phosphate have been shown to be decomposed 
by aqueous alkali with the loss of carbon atom 8 (18, 19), it was necessary 
to test for the presence of unchanged purine prior to the separation of 
the sodium nucleates. A 1.06 mg. sample of carrier purine was added 
to 3 to 7 mg. aliquots of the mixed sodium nucleates from each organ. 
The material was then analyzed for radioactive purine as specified above. 
The reisolated carrier purine contained no detectable radioactivity. Re- 
isolated samples of about 0.5 wmole were examined so that substitution 
of greater than 0.002 per cent of the adenine and guanine by purine would 
have been detected. The mixed sodium nucleates were then separated 
by the modified Schmidt-Thannhauser procedure (20). 

The resulting barium ribonucleotides and deoxyribonucleic acids were 
hydrolyzed with 72 per cent perchloric acid (15), and the purines and 
pyrimidines were separated by ion exchange chromatography (20). Radio- 
activity determinations were carried out on samples of about 1 umole. 


* We wish to thank Dr. K. Sugiura of this Institute for animals with implants of 
Flexner-Jobling carcinoma, a tumor which is slightly inhibited by repeated daily 
injections of purine at the level of 250 mg. per kilo (8). 
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The pyrimidines contained no detectable radioactivity except for the liver 
ribonucleic acid cytosine which contained 7 c.p.m. per umole. This 
result is believed to be due to trace contamination. The activities of 
the purines are given in Table I. 

Urinary Products—In Experiments I and II the total radioactivity 
of the urine collected during the 24 hour experimental period was deter- 
mined, and total urinary allantoin was determined by the dilution of the 
isotope of added allantoin-N'®. In Experiment I, a 0.1002 gm. sample of 
allantoin-N' containing 0.478 atom per cent excess N'® was added to one- 
half of the urine, and allantoin was reisolated (17). 


C,H~N,O;. Calculated, N 35.44; found, N 35.17 


TABLE I 


Relative Specific Activities* of Purine 
Bases (Experiment I) 


Ribonucleic acid Deoxyribonucleic acid 
Tissue 
Adenine Guanine Adenine Guanine 
0.030 0.0093 0.003 0.003 
| 0.062 0.051 0.045 0.033 
| 0.029 0.010 | 0.002 0.002 
0.002 0.002 | 0.002 0.0007 


* Relative specific activity = (counts per minute per micromole of isolated com- 
pound) X 100/(counts per minute per micromole of injected compound). Relative 
specific activities of 0.002 or less have probable errors of about +50 per cent. 


The reisolated material contained 0.345 atom per cent excess N'5, and its 
radioactivity was 4700 ¢.p.m. per mg. 

In Experiment II, 0.0780 gm. of the allantoin-N'® was added to a sample 
comprising 39.6 per cent of the urine. The reisolated allantoin contained 
0.353 atom per cent excess N!®, and its radioactivity was 2720 c.p.m. 
per mg.; found, N 35.40. The results of these experiments are given 
in Table II. The urine from Experiment IIT was lost. 

Dixanthydrolurea was isolated from the urine of Experiment I. As 
its specific activity was about 1 ¢c.p.m. per wmole, urinary urea was not 
further investigated in these experiments. 


CopHopN.Os. Calculated, N 6.66; found, N 6.55 


Retention of Radioactivity in Perchloric Acid-Soluble Fractions of Various 
Organs-—Aliquots of the neutralized cold perchloric acid extracts prepared 
in Experiment III were plated, and their radioactivities were determined. 
The results are indicated in Table II. 
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Metabolites Found in Kidney—The neutralized perchloric acid extract 
obtained in Experiment IV (290 ml., 100,000 c.p.m.) was passed over a 
20 X 0.8 cm. column of Dowex 1 (formate form). The column was washed 
with water until the optical density at 260 my of the effluent had fallen 
toless than 0.005. A total of 15,000 c.p.m. was not retained by the column, 
and the subsequent water wash contained negligible radioactivity. The 
adsorbed material was then fractionated by the use of gradient elution 


TABLE II 
Urinary Excretion and Retention of Radioactivity of Purine-8-C™ (24 Hrs.) 


Urinary excretion 


Recovery in urine Experiment I Experiment II 
Total administered radioactivity, c.p.m........... 3.0 X 106 2.0 X 105 
Allantoin excreted, mg. 77.1 70.0 
sg ” relative specific activity........ 1.2 0.74 
% of excreted radioactivity accounted for as allan- 


Organ Total radioactivity 

C.p.m. 

‘* accounted for as % of administered....... 0.7 


with 1 liter of water in the mixing chamber and 2.5 Nn formic acid in the 
reservoir. Fractions of 5 ml. were collected. Fractions 15 to 18 and 20 
to 28 were cloudy when they emerged from the column, and these fractions 
subsequently deposited crystalline material. The material deposited in 
Tubes 20 to 28 was identified as uric acid by means of its spectrum in acid, 
neutral, and alkaline solutions and by means of its Ry values of 0.50 
and 0.005, respectively, in Solvents A and F. The supernatant liquid 
from the uric acid fractions contained only uric acid. The solid deposited 
in Fractions 15 to 18 consisted mainly of 2,8-dihydroxypurine, which was 
identified by means of its Rp values of 0.65, 0.40, and 0.20, respectively, 
in Solvents A, C, and E. Its spectrum at pH 5, 10, and 13 was identical 
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to that of an authentic sample of 2,8-dihydroxypurine, and the positions 
of the maxima were within | my of those published for these pH values (21). 
The supernatant liquid from Fractions 8 to 18 was lyophilized and dissolved 
in 1.0 ml. of water. Paper chromatography of this solution in Solvent E 
showed the presence of hypoxanthine, xanthine, and 2,8-dihydroxypurine 
with Ry, values of 0.60, 0.48, and 0.20, respectively. The spectra of the 


TABLE III 
Radioactivity of Hydrozypurines from Kidney (Experiment IV) 


Material C.p.m. per umole 
Administered purine.............................. 780 100 
TABLE IV 
Distribution of Radioactivity in Liver-Perchloric Acid Extract (Experiment IV) 
Purine content 
c.p.m. C.p.m. pmoles 

Liver extract (0.5 of total)................. 32,000 6300 8.0 
Not retained by column.................... 24,000 6300 8.0 
9,000 310 0.4 
1,000 
1,000 
8 ** HCOOH-0.4 m HCOONH,.............. None 
8 HCOOH-1 m HCOONH,................ 


eluted materials in 0.1 N hydrochloric acid, water, and 0.1 N sodium hy- 
droxide were identical with those of standards. Portions of the solutions 
used for spectral studies were plated for radioactivity determinations. 
Concentrations were determined with the use of A,, values given by Mason 
(21) and by Cavalieri and Bendich (22). The results are given in Table 
III. 

Survey of Liver-Acid-Extractable Material for Nucleotides of Purine— 
A 100 ml. aliquot of the cold perchloric acid extract of liver obtained in 
Experiment IV was evaporated to incipient dryness in vacuo in a rotary 
evaporator. A 1.06 mg. sample of carrier purine was added, and the 
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purine was reisolated after perchloric acid hydrolysis as previously de- 
scribed. The specific activity of the isolated purine was 233 ¢.p.m. per 
umole; thus the material contained a total of 3.8 wmoles of free and com- 
bined purine per 100 ml. A 210 ml. sample of the perchloric acid extract 
of liver (32,000 c.p.m. total) was passed through a 1 X 13 cm. column of 
Dowex 1 (formate form). The column was washed with a liter of water 
and then successively eluted (10) with 1200 ml. of 2.5 N formic acid, 1200 
ml. of 4 N formic acid, 2200 ml. of 8 N formic acid, 1200 ml. of 8 N formic 
acid plus 0.4 M ammonium formate, and, finally, 8 N formic acid plus 1.0 
M ammonium formate. The total amount of radioactivity in each frac- 
tion was determined (Table IV). 

The column loadings and the 2.5 nN formic acid eluate were examined 
for the presence of purine by a procedure similar to that outlined for the 
liver-perchloric acid-soluble fraction. The results are given in Table IV. 
The radioactivity of the reisolated carrier purine from the 2.5 N formic 
acid eluate did not diminish on rechromatography in Solvents D and E. 
It should be noted that neither purine, 9-8-p-ribofuranosylpurine, nor 
allantoin can be expected to be retained by this type of column (9). 


DISCUSSION 


When purine-8-C™ was injected into animals at a dosage of 18 uwmoles 
per kilo (2.1 mg. per kilo), the incorporations into polynucleotide adenine 
and guanine were about equal to those observed when hypoxanthine-8-C" 
was administered to immature rats at a level of 100 uwmoles per kilo (23). 
Although the level of administration of purine was the same as that used 
previously for the ribosyl derivative (9), the present figures for the in- 
dividual nucleic acids from various organs (Table I) must be compared 
with relative specific activity values for adenine and guanine of 0.023 
and 0.017 obtained on the mixed nucleic acids in the experiment with 
the ribosyl derivative (9). It appears that the free base is utilized some- 
what more efficiently than the ribosyl derivative as a precursor of nucleic 
acid purines. Very little purine was utilized for the synthesis of the nucleic 
acid purines of the tumor, a finding in agreement with the repeated ob- 
servations that tumors, in general, derive their adenine and guanine from 
sources other than exogenously supplied purine derivatives (24, 25). 
There is no evidence that unaltered purine was incorporated into the nucleic 
acid of any of the organs or of this purine-sensitive tumor (7, 8). 

After 24 hours the cold perchloric acid extracts from the organs (‘Table 
II) contained only 0.7 per cent of the injected radioactivity. In the experi- 
ment with a 120-fold greater administered dose (Table IV) a negligible 
amount of the radioactivity in the liver was associated with material which 
could be purine nucleotides. 
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The urinary excretion of metabolites of purine is quite extensive, as a 
large proportion of the injected radioactivity was excreted in 24 hours 
(Table II) in contrast to the results with 9-8-p-ribofuranosylpurine in 
which much less of the radioactivity was excreted in 24 hours. All of 
the excreted radioactivity was not found in the allantoin, as was the case 
with the ribosyl derivative. Radioautography of two-dimensional paper 
chromatograms of the urine revealed a well defined allantoin spot and 
several vaguely defined areas. It is probable that the remainder of the 
urinary radioactivity was present in various hydroxypurines, such as those 
found in the kidney extracts in Experiment IV (Table III). 

The formation of transient kidney crystals in rats receiving large doses 
of purine‘ indicated that the kidney might be a good source of catabolites 
of purine. A cold perchloric acid extract of the kidneys of rats to which 
purine had been administered 1 hour previously yielded hypoxanthine, 
xanthine, uric acid, and an additional compound which was identified 
as 2,8-dihydroxypurine. The finding of the latter compound was un- 
expected in view of the work of Krebs and Orstrém (26) and Bergmann 
and Dikstein (27). The latter authors studied the action in vitro of the 
xanthine oxidases from buttermilk (28) and human liver (29). They 
concluded that oxidation of purine follows the sequence: purine, hypo- 
xanthine, xanthine, uric acid. Spectrophotometric studies did not indicate 
any primary oxidation of the 2 or 8 position. The finding of 2,8- 
dihydroxypurine in the present experiment im vivo may require inter- 
pretation in terms of the following: (a) enzymes other than xanthine oxidase 
may contribute to the oxidation in vivo of purine (see the oxidation of 
adenine to 8-hydroxyadenine by rabbit bone marrow extracts (30) which 
contain no detectable xanthine oxidase activity), (b) the concentration 
employed by Bergmann and Dikstein may not have been sufficient to 
result in any spectral changes due to trace formation of 2,8-dihydroxy- 
purine, (c) species differences in the mechanism of action of xanthine oxi- 
dase. The observation that 2,8-dihydroxypurine is slowly oxidized by 
buttermilk xanthine oxidase (27, 31, 32) and human liver xanthine oxidase 
(27) would account for the accumulation of 2,8-dihydroxypurine. The 
isolation and characterization procedures did not permit a quantitative 
determination of the various hydroxypurines; however, 3 to 6 mg. of 2,8- 
dihydroxypurine and similar amounts of xanthine and uric acid were 
obtained from the kidneys of four animals which had received a total of 
250 mg. of purine. In one experiment a very small amount of material 
which appeared to be 8-hydroxypurine was detected. In the second ex- 
periment this material was not found, and definite conclusions cannot be 


‘Dr. F.S. Philips and Dr. 8.8. Sternberg, personal communication. 
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drawn concerning the position of the initial oxidation. ‘Two possible 
pathways are shown in Fig. 2. 

The equality, within experimental error, of the activities of the isolated 
2,8-dihydroxypurine and the administered purine suggests the absence 
of any appreciable amount of 2,8-dihydroxypurine arising from other 
sources. 

Examination of the cold acid extract of liver prepared in Experiment IV 
(Table IV) revealed that most of the radioactivity and all but a trace of 
the free or combined purine were not retained by Dowex 1 ion exchange 
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Fic. 2. Possible courses for the oxidation of purine in vivo 


resin in the formate form. Of the radioactivity not retained about 25 
per cent could have been free purine or, less likely, its riboside. The 
remainder was perhaps allantoin. 

The majority of the remaining activity appeared in the 2.5 Nn formic 
acid fraction and probably represents hydroxypurines, which would 
appear here. The small amount of purine found in that fraction could 
be due to a trace of 9-8-p-ribofuranosylpurine 5’-phosphate; but, if such 
were the case, the radioactivity due to corresponding amounts of the di- 
and triphosphates would not be experimentally detectable. 

These experiments with purine demonstrate a striking contrast between 
the metabolic fate of purine and of its 9-8-p-ribofuranosyl derivative, 
differences which reinforce previous suggestions as to the biochemical 
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basis for the extreme toxicity of the ribosyl derivative. Purine, which is 
relatively non-toxic, is catabolized to the extent of over 55 to 83 per cent 
and leads to only 0.7 per cent of the administered dose in the soluble 
nucleotides of the visceral organs. In contrast, its ribosyl derivative, 
which is highly toxic, is catabolized to the extent of only 28 per cent, 
and 17 per cent of the administered dose was found in soluble nucleotides 
in the tissues® (9). The identification of the bulk of these soluble nucleo- 
tides as the 5’-mono-, di-, and, presumably, triphosphate derivatives of 
purine riboside (9, 10) and the fact that the relatively non-toxic purine 
does not lead to an extensive accumulation of such nucleotides suggest 
that the most probable interpretation of the extreme toxicity of the 
ribofuranosyl derivative is the production of the large amounts of the 
purine analogues of adenosine mono-, di-, and triphosphates, which may 
act as competitors to those adenine nucleotides or their further metabolites. 


SUMMARY 


In a study of the metabolism of purine-8-C™ it was found that the 
material undergoes extensive catabolism to hypoxanthine, xanthine, 
2 ,8-dihydroxypurine, uric acid, and allantoin. No significant conversion 
to urinary urea occurs. 

Purine also serves, to a limited extent, as a precursor of adenine and 
guanine of the nucleic acids of the several organs examined, and its utiliza- 
tion for the synthesis of nucleic acids of the Flexner-Jobling carcinoma, 
a purine-sensitive tumor, is considerably less. 

The metabolism of the material differs markedly from that of its nucleo- 
side in that it is rapidly catabolized, and no experimentally significant 
amounts of nucleotide derivatives of purine accumulate in the cold per- 
chloric acid-soluble fraction of liver. 


The authors wish to thank Dr. F. 8S. Philips for helpful suggestions 
and for calling to our attention the formation of kidney crystals after 
the injection of purine. The receipt of samples of 2-, 8-, and 2 ,8-dihydroxy- 
purines from Professor A. Albert of the Australian National University, 
Canberra, Australia, the assistance of Miss Eva Simmel in preparing 
radioautograms, and the assistance of Mr. Levon Boyajan are gratefully 
acknowledged. 


5 9-8-p-Ribofuranosylpurine is not attacked by buttermilk xanthine oxidase under 
conditions in which purine is completely oxidized to uric acid (M. P. Gordon, un- 
published data). We wish to thank Dr. F. Bergel and Mr. R. C. Bray of the Chester 
Beatty Institute of Cancer Research, London, England, for a generous gift of butter- 
milk xanthine oxidase. 
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URIDINE AS PRECURSOR OF BACTERIOPHAGE 
THYMIDYLIC ACID* 


By HAROLD AMOS anp BORIS MAGASANIK 


(From the Department of Bacteriology and Immunology, Harvard 
Medical School, Boston, Massachusetts) 


(Received for publication, July 17, 1957) 


Ribose in nucleosidic linkage has been implicated as a precursor of the 
deoxyribose portion of thymidine in animal tissues (1-3). From the results 
obtained in these animal experiments it is not possible to determine whether 
this pathway of deoxyribose formation is of major importance for DNA! 
synthesis. Such information might be provided by a system in which 
rapid synthesis of DNA without similarly rapid synthesis of RNA occurs. 
These conditions are closely approximated in a bacterium infected with 
bacteriophage. 

In the experiments presented here C-labeled uridine, containing 11,835 
¢.p.m. per umole equally distributed among the carbons of the ribose moiety 
and 633 ¢.p.m. per umole in the pyrimidine base, was fed to populations 
of Escherichia coli, strain K-12, at varying intervals before infection with 
bacteriophage Tl. The results presented in Table I indicate that a sig- 
nificant portion of the thymidine is derived from exogenous uridine; as 
the preponderant C" label of uridine is in the ribose moiety, it appears that 
the deoxyribose is formed in large measure from ribose without dilution 
by unlabeled metabolites derived from the glucose of the medium. More- 
over, the constancy of the ratio of the specific activity of thymine to that 
of uracil and of deoxyribose to that of ribose suggests strongly that the 
carbon skeleton of thymine is derived from uracil and that the conversion 
of uridine to thymidine occurs without the splitting of the bond between 
base and sugar. | | 

These results are in good agreement with the findings of Friedkin and 
Kornberg (4) and Loeb and Cohen (5). The former have established the 
enzymatic conversion of deoxyuridine 5’-phosphate to thymidine 5’-phos- 
phate in extracts of /. coli and suggest that the formation of deoxyuridine 
5’-phosphate is likely to involve a direct reduction of uridylic acid. Loeb 


* This work was supported by a research grant, No. E-957, of the United States 
Public Health Service, by the William F. Milton Fund of Harvard University, by an 
institutional grant to Harvard University from the American Cancer Society, and 
by funds received from the Eugene Higgins Trust. 

! The following abbreviations will be used: DNA, deoxyribonucleic acid; RNA, 
ribonucleic acid. 
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and Cohen, employing glucose-1-C"*, have obtained information suggesting 
a common biosynthetic pathway from glucose to the ribose of bacterial 
RNA and the deoxyribose of bacterial DNA. 

As shown in Table I, the contribution of exogenous uridine to phage 
thymidylic acid could be increased from 43 per cent (Experiment 1) to 


TABLE | 
Conversion of Uridine to Thymidylic Acid by E. coli, 
Strain K-12, Infected with Phage T1 

The bacteria were suspended in 400 ml. of medium containing 25 y of uridine-C™ 
(12,468 c.p.m. per umole) per ml. to an optical density of 0.23 (experiment 1) or 0.21 
(experiment 2). The suspension was placed in four 250 ml. Erlenmeyer flasks and 
incubated with shaking at 37° for 30 minutes in Experiment | and 90 minutes in Ex- 
periment 2. In this time the optical density of the suspension had increased to 
0.28 in Experiment 1 and to 0.43 in Experiment 2. A suspension of phage T1 was 
added to give a multiplicity of 6:1 (phage to bacteria). The cultures were then 
shaken at 37° for an additional period of 60 minutes during which time complete lysis 
occurred. 


Component 
Experiment No. Relative specific activity of 
| Thymidylic acid 
Deoxyribose* Thyminet 
c.p.m. per umole 
1 5430 43 48 
2 8247 66 68 


* Calculated as the difference in the specific radioactivities of the isolated thymi- 
dylic acid and thymine. The results are reported as specific activities relative to 
the radioactivity of the ribose portion of the uridine fed. 

c.p.m. per mole of deoxyribose 


Relative specific activity = x 100 


¢.p.m. per mole of ribose 
+ The results are reported as specific activities relative to the radioactivity of the 
uracil portion of the uridine fed. 


c.p.m. per mole of thymine 
¢.p.m. per mole of uracil 


Relative specific activity = 100 


66 per cent (Experiment 2) by allowing the bacteria to grow in the presence 
of uridine for one generation before infection by phage. This result 
must be considered in the light of the observations of several investigators 
(6, 7) that a substantial portion of the phage DNA is derived from pre- 
formed bacterial nucleic acid; although the extent of this utilization of 
bacterial nucleic acid has not been reported for phage T1, a value of 50 
per cent does not seem unreasonable (8). Accordingly, it would appear 
that the increased labeling of phage thymidylic acid, when the preincuba- 
tion of bacteria and uridine was extended, reflects higher incorporation 
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of labeled uridine into bacterial nucleic acid prior to its transfer to phage 
thymidylic acid. 

Our results show that, when uridine is fed to phage-infected bacteria, 
thymidylic acid is largely derived from uncleaved uridine. This does 
not, however, necessarily mean that the uridine or uridylic acid synthe- 
sized by the bacterium in the absence of exogenous uridine is an obligatory 
precursor of thymidylic acid. 


EXPERIMENTAL 


Cultivation of Phage and Bacteria—The phage T1 used in these experi- 
ments was obtained from the laboratory of Dr. Rollin Hotchkiss of The 
Rockefeller Institute for Medical Research and has been propagated in 
this laboratory for the past 4 years. Stock phage was grown on FE. coli, 
strain K-12, in the medium of Davis and Mingioli (9) without sodium 
citrate. The titer of stock phage was estimated by the agar layer tech- 
nique on a medium of tryptic digest of beef heart as described by Adams 
(10). £. coli, strain K-12, was grown on the same synthetic medium, 
and its growth was measured as previously described (11); for phage 
production, the culture was infected with sufficient Tl to give a multi- 
plicity of 6:1 (phage to bacteria). 

Preparation of Uridine-C'*—Uridine uniformly labeled in the ribose 
moiety with C' was prepared in the following manner: A mutant of 
Aecrobacter aerogenes, strain P-12, which has an absolute requirement for 
uracil or cytosine, was grown overnight on uniformly labeled glucose-C™ 
(Tracerlab) and unlabeled uracil (40 y per ml.) in the medium of Ushiba 
and Magasanik (12). The bacteria (500 mg. dry weight) were collected 
by centrifugation and extracted consecutively with cold 0.3 N perchloric 
acid, cold 80 per cent ethanol, and three times with cold ethanol-ether 
(75:25). The residue was hydrolyzed in 1.0 Nn KOH (20.0 ml.) for 12 
hours at 37°, and the DNA and protein were precipitated with an excess 
(7.0 ml.) of 6 N perchloric acid. The purines of the RNA were removed 
as insoluble silver salts (13), and the cytidylic acid was converted to 
uridylic acid by the method of Ploeser and Loring (14). 

The uridylic acid was separated from residual cytidylic acid by adsorp- 
tion to a Dowex 2-chloride column and elution with 0.002 nN HCl and was 
concentrated to a volume of 40 ml. The yield of uridylic acid was esti- 
mated by ultraviolet extinction to be 23.3 mg. The nucleotide was 
converted to uridine by treatment with 100 mg. of acid phosphatase 
(Nutritional Biochemicals Corporation) at pH 5.5 in 0.15 m acetate buffer 
for 16 hours at 37°. The enzyme was precipitated with 5 per cent per- 
chloric acid, and the supernatant fluid, after centrifugation, was neutralized 
with KOH to remove the perchlorate as the insoluble potassium salt. 
The uridine so prepared was used in the experiments described in this paper. 
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The specific activity of uridine and the effectiveness of the phosphatase 
treatment were assessed by chromatography on No. 3 Whatman paper 
in an n-butanol-acetic acid solvent (n-butanol, glacial acetic acid, water, 
4:1:4). The contents of single uridine spots were eluted from the paper 
with 1.5 ml. of 0.01 N HCl each and neutralized with KOH, and duplicate 
0.1 ml. aliquots were dried on stainless steel planchets for counting in a 
windowless flow counter. Specific activities were calculated from these 
data and from estimations of the concentration of uridine by ultraviolet 
extinction at 262 mu (e = 9.9 * 10%). 

To determine the specific activity of the uracil portion of uridine, a 
5.0 ml. aliquot of uridine was hydrolyzed in 6 N HCl at 120° for 1 hour. 
HCl was removed under partial vacuum, and the uracil was separated from 
residual uridine by paper chromatography in the n-butanol-acetic acid 
solvent. The specific activity of uracil was determined in the same 
manner as described for uridine (e€ = 8.13 & 10%). 

Isolation of Phage and Analysis of Phage Thymidylic Acid—To obtain 
DNA from bacteriophage the remains of lysed bacteria were removed by 
centrifugation (10,000 X g for 15 minutes), and the supernatant fluid was 
shaken in a separatory funnel with 0.25 volume of chloroform for 1 hour 
(15). The chloroform layer was discarded, and the water layer was added 
to 2 volumes of cold ethanol. On standing overnight at — 10°, the DNA 
was found as a viscous precipitate. The ethanol was decanted, and the 
DNA was washed with cold 80 per cent ethanol. After centrifugation the 
DNA was dissolved in 10 ml.-of 0.01 Nn HCl. The DNA was hydrolyzed 
to mononucleotides by treatment at pH 8.6 with 0.5 mg. of Russell’s viper 
venom (Stypven) (16) for 3 hours at 37° with shaking. The pH was 
maintained near 8.6 with 0.1 N NaOH added at 30 minute intervals. The 
enzyme was precipitated with perchloric acid, and the supernatant fluid 
containing the deoxynucleotides was neutralized with KOH. 

Thymidylic acid was isolated by single dimensional paper chromato- 
graphy in the n-butanol-acetic acid solvent. After elution from paper in 
0.01 n HCl an estimate was made of the quantity of thymidylic acid from 
the ultraviolet extinction of the eluted material at 267 mu (« = 9.65 X 10°) 
and a 0.2 ml. aliquot monitored for radioactivity. ‘Thymine was obtained 
from thymidylic acid by hydrolysis at 120° in 6 N HCl for 1 hour, after 
which the HCl was removed under a partial vacuum, the thymine was 
isolated, and its specific activity was determined in the same manner as 
described above for uridine. 


SUMMARY 


The conversion of uridine-C"™ to thymidylic acid of the deoxyribonucleic 
acid in Escherichia coli infected with T1 bacteriophage was investigated. 
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The results indicate that the ribose portion of the uridine is the major 
source of the deoxyribose portion of thymidylie acid and that the con- 
version presumably occurs without cleavage of the bond between pyrimidine 
base and sugar. 
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A SERUM ALBUMIN PRECURSOR IN CYTOPLASMIC 
PARTICLES* 


By THEODORE PETERS, JR. 


WITH THE TECHNICAL ASSISTANCE OF ANNE C. LOGAN AND 
CATHARINE A. SANFORD 


(From The Mary Imogene Bassett Hospital,{ Cooperstown, New York) 


(Received for publication, June 28, 1957) 


The existence of an intermediate in the biosynthesis of serum albumin 
was suggested by a previous study of the kinetics of appearance of C™ 
in soluble serum albumin in liver slices (1). In the course of investiga- 
tions on the nature of this intermediate, it has been found that treatment 
of cytoplasmic particles of chicken liver with deoxycholate or other agents 
will release non-dialyzable material which precipitates with antibodies 
against chicken serum albumin. 

Isotopic experiments tn vitro and in vivo indicate that this intraparticulate 
(especially microsomal) ‘“‘serum albumin” is the precursor of the soluble 
form. The previously observed lag in the appearance of C™“ in serum 
albumin is found to represent not the time of synthesis of the protein 
molecule but the time required for the physiological release of albumin 
from its binding by particles. 


EXPERIMENTAL 
Methods 


Materials—Chicken serum albumin was a preparation described in a 
previous work (2). Bovine serum albumin was Armour’s crystallized 
albumin, kindly furnished by Dr. J. W. Ferrebee. Crystalline ribonuclease 
and deoxyribonuclease were obtained from the Worthington Biochemical 
Corporation. Sodium deoxycholate was that described in the Fisher 
Scientific Company catalog, item No. 8-285. 

L-Leucine-U-C™ (uniformly labeled) and glycine-1-C™ were obtained 
from the Nuclear-Chicago Corporation. The NasC“O; was prepared 
from BaC"O; obtained from the United States Atomic Energy Commission. 

Preparation of Antisera—Chicken serum albumin and bovine serum 
albumin in 0.15 M NaCl were sterilized by Seitz filtration and precipitated 
with alum. Female albino rabbits were injected four times weekly for 3 


* Supported by United States Public Health Service research grant No. H-2751, 
and in part by United States Public Health Service grant No. H-607. A preliminary 
report of this work has been published (Federation Proc., 16, 369 (1957)). 

t Affiliated with Columbia University. 
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weeks with increasing doses of 1, 2, and 4 mg., the first injection in each 
week being given subcutaneously and the others intravenously. 8 and 
10 days after the last injection blood was collected by cardiac puncture, 
The serum was separated and the y-globulin fraction precipitated by addi- 
tion of 0.5 volume of saturated ammonium sulfate at room temperature. 
The precipitate was dialyzed against water and finally adjusted to contain 
0.055 mM monosodium phosphate, 0.055 m_ tris(hydroxymethyl)amino- 
methane (Tris), and 0.01 per cent thimerosal at pH 7.5. 1 ml. was found 
to precipitate about 3 mg. of the corresponding antigen. These prepara- 
tions are referred to as ‘“‘anti-chicken albumin” and “anti-bovine albumin.” 

Liver Slice Incubations—3 to 5 pound White Rock-Cornish chickens were 
obtained from Iroquois Farms, Cooperstown, New York. The livers 
of larger chickens were frequently found to be too fatty to slice well. 
Slices of 0.5 mm. thickness were made with a Stadie slicer, rinsed, blotted, 
weighed, and incubated at 37° in Erlenmeyer flasks containing about 3 
ml. per gm. of liver of the following medium: Na 135, K 10, Ca 10, Cl 
125, HCO; 40 mmoles per liter, with a gas phase of 5 per cent CO,-95 
per cent When incorporation of was studied, NasC“O; (5 to 
30 we. per gm. of liver) was added to the flasks and allowed to equilibrate 
between the gas and liquid phases for about 30 minutes before the slices 
were added. Incubation with CO, has been shown to result in labeling 
primarily of carboxyl groups of aspartic and glutamic acid residues of 
proteins (3, 4). Incorporation of C“QO, into the guanidine group of 
arginine occurs in mammalian liver preparations (4) but is insignificant in 
chicken liver preparations (5). In preliminary experiments, radioactivity 
in intracellular free amino acids has been found to attain apparent equi- 
librium with radioactivity in CO: in less than 6 minutes from the start of 
incubation. 

Cell Fractionation—Sliced liver or liver minced after perfusion with 
0.15 mM NaCl was homogenized with 3 volumes of 0.25 m sucrose for about 
1 minute (twelve passes) in a motor-driven glass homogenizer. Initially, 
nuclear, mitochondrial, microsomal, and supernatant fractions were 
isolated by centrifugation for 10 minutes at 700 X g, for 10 minutes at 
6000 X g, and for 60 minutes at 105,000 X g, respectively. Precipitates 
were washed once, and the wash solution was added to the supernatant 
fluid at that stage. Examination by phase microscopy or after Papa- 
nicolaou staining showed the nuclear fractions obtained by this procedure 
to be heavily contaminated with mitochondria. Accordingly, these nu- 
clear fractions were added to the mitochondrial fractions, and nuclei 
were isolated separately from other aliquots of liver by the use of sucrose- 
calcium solutions of differing density as described by Hogeboom, Schneider, 
and Striebich (6). Such nuclei appeared to be almost entirely free from 
mitochondria. 
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When the above procedure was applied to liver slices which had been 
incubated for varying periods of time, yields of mitochondrial and micro- 
somal fractions were not reproducible. This effect may be related to 
the changes demonstrated histologically for mitochondria on incubation 
of rat and rabbit liver slices by Deane, Nesbett, Buchanan, and Hastings 
(7). Since it was desired to follow changes in the total amount of labeled 
serum albumin present, in most of the isotopic studies the homogenate 
was centrifuged only at 105,000 X g for 60 minutes and the precipitate 
washed once to give a “total particulate” and a supernatant fraction. 

Isolation of Serum Albumin—To the particulate material from 1 gm. 
of wet liver were added 3 ml. of 0.8 per cent sodium deoxycholate in 0.05 m 
Tris, pH 8.0. A marked clearing effect was seen immediately. After 2 to 
16 hours at 3°, the suspensions were centrifuged at 105,000 X g for 60 min- 
utes. 

The deoxycholate supernatant fractions, as well as sucrose supernatant 
fractions and incubation media, were dialyzed for 1 to 2 days against 
several changes of distilled water, then were frozen, lyophilized, resuspended 
in 3 ml. of water per gm. of wet liver, and centrifuged at 26,000 X g for 
20 minutes. The supernatant fractions were then brought to isotonicity 
by the addition of 0.3 ml. of a buffer containing 0.55 mM monosodium phos- 
phate, 0.55 m Tris, and 0.1 per cent thimerosal, pH 7.5. Glycine or 
leucine was added in the dialysis step when the corresponding labeled 
amino acid had been used as substrate. 

The above treatment eliminated much of the protein without loss of 
serum albumin, as determined by recovery of I'*'-labeled chicken serum 
albumin.' However, isolation of chicken albumin by precipitation with 
antiserum after such treatment was complicated by the coprecipitation 
of colored non-specific proteins (including complement?), a phenomenon 
encountered by Keston and Katchen (9) in studying antibody synthesis 
and later by Campbell and Stone (10) in studying serum albumin synthesis 
in rat liver slices. To remove these non-specific proteins, the solutions 
were treated with an unrelated antigen and its antibody before the precipi- 
tation of chicken albumin, as suggested by Keston and Katchen’s work. 
Bovine serum albumin was chosen because of its physical similarity to 
chicken serum albumin. Immunological cross-reaction between bovine 
and chicken albumin could not be detected, although tested with concen- 


! Prepared by the method described for the iodination of insulin (8), except that 
the serum albumin was added in a buffer of 0.8 m glycine, pH 9.4, instead of NazCO; 
to minimize denaturation. The product contained about 100 ue. of I'*' per mg. of 
albumin, with an average of less than 1 iodine atom per molecule. Less than 1 per 
cent of the radioactivity was dialyzable. No alterations of the protein were detect- 
able upon paper and starch electrophoresis, and all of the I'*! was readily precipitable 
by anti-chicken serum albumin. 
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trations of antigen as high as 10 mg. per ml. by ring tests, linear agar 
diffusion by the Oudin technique (11), or double diffusion in agar by the 
Ouchterlony technique (12). When I'*!-labeled chicken albumin was 
mixed with non-labeled bovine albumin, less than 0.7 per cent of the I"! 
was precipitated by anti-bovine albumin, although it was completely 
precipitated by anti-chicken albumin. 

The isotonic solutions were treated with the unrelated antigen and 
antibody by addition of 0.5 mg. of bovine serum albumin, then 0.25 ml. 
of the anti-bovine albumin preparation. After 2 hours at 40° and 16 
hours at 3°, the mixtures were centrifuged at 26,000 * g for 20 minutes, 
and the precipitates were discarded. Suitable amounts (0.1 to 0.3 ml.) 
of the anti-chicken albumin preparation were then added to duplicate 
0.5 or 1.0 ml. aliquots of the clear supernatant fluid. If the quantity 
of chicken albumin present was low, 25 y of carrier chicken albumin were 
added before addition of antiserum. After 1 hour at 40°, the precipitates 
were removed by centrifugation at 700 * g for 20 minutes, washed three 
times with the 0.055 m phosphate-Tris buffer, and analyzed either for 
amount of precipitate or for C™. 

A second treatment with 0.1 mg. of bovine albumin and 0.1 ml. of the 
corresponding antiserum was employed just before the chicken albumin 
was precipitated in most of the experiments. The conditions were similar 
to those for precipitation of the chicken albumin. No difference was 
observed between the results of experiments in which one or two additions 
of bovine albumin were employed. Both the second bovine albumin 
precipitate and the chicken albumin precipitate were white in color. 
Representative second bovine albumin precipitates from each type of 
tissue preparation and time of incubation were analyzed for C™ and uni- 
formly showed less than 4 per cent of the radioactivity of that in the 
corresponding chicken albumin precipitate, indicating the effectiveness 
of the treatment. 

The precipitated serum albumin could be dissolved by an excess of 
antigen. In two experiments the radioactive chicken albumin precipitates 
were suspended in a 20-fold excess of chicken albumin at 3° and the solu- 
tions centrifuged. The radioactivity was completely recovered in the 
soluble portion. 

Trace quantities of I'*!-labeled chicken albumin added to the various 
cell fractions before being processed were recovered in the immune pre- 
cipitates to the extent of 85 to 95 per cent when volume changes were 
taken into account. None was lost in the precipitates of bovine albumin. 

Analytical Procedures—The quantity of chicken serum albumin was 
determined by the immunological method previously described (2). Trials 
with the quantitative Oudin technique (11, 13) were largely unsuccessful, 
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even when high concentrations of sodium chloride or polyvinylpyrrolidone 
were incorporated in the agar in an attempt to minimize the effect of non- 
specific tissue proteins which has been mentioned by other workers (11, 14). 

Protein was determined by Kjeldahl digestion with nesslerization. 
Ribonucleic acid was determined by the orcinol reaction and deoxy- 
ribonucleic acid by the absorption at 260 my after extraction of soluble 
and lipide material with perchloric acid and 1:1 alcohol-ether (15). 

Counting and Calculations—Liver protein-C™ was determined in BaCO; 
obtained by ninhydrin treatment as previously described (3). Samples 
of C“O, from the gas phase of incubation flasks were assayed as BaCQ3. 

Serum albumin in specific precipitates was either plated as whole protein 
by being dissolved with concentrated NH,OH, followed by addition of an 
equal weight of sucrose (16), or as BaCO; obtained upon hydrolysis (sealed 
tube, 6 N HCl, 16 hours, 115°) and reaction with ninhydrin after addition 
of 0.1 mmole of unlabeled amino acid as carrier. Similar experiments 
counted by the two procedures gave similar results, although the sucrose 
method detected about 25 per cent more radioactivity. 

Tests were performed for radioactivity bound by disulfide bonds. 
Treatment of the serum albumin-specific precipitates with 20 per cent 
mercaptoethanol for 16 hours at room temperature, and reprecipitation 
with trichloroacetic acid, caused loss of 10 to 25 per cent of the C™ when 
C40, had been used as substrate, and 40 to 50 per cent of the C™ when 
glycine-1-C™ had been used. However, analysis of entire experiments 
with the inclusion of this step resulted in no qualitative changes in results 
either in the cell fractionation or in time curve experiments. Because of 
the possibility of losses of labeled albumin from the immune precipitates, 
this treatment was not routinely used. 

C“ was determined in a Robinson flow counter (17), except that very 
active samples were assayed in a thin window Geiger counter. Suitable 
self-absorption factors were applied to correct counts to zero thickness. 
I'* was determined at constant volume in an Atomic Instrument Company 
well type scintillation counter. Counts were made to 2 per cent error 
except for very weak samples whose error was approximately 10 per cent. 
Over-all accuracy of determinations of quantities and radioactivities was 
of the order of 10 per cent. 

Incorporation of CO, was calculated as micromoles of CO, by dividing 
total radioactivity of albumin precipitates by the specific radioactivity 
of the gaseous CO». 


Results 


Amount of Serum Albumin in Liver Cell Fractions—Table I shows the 
amount of serum albumin found in fractions of chicken liver cells by the 
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immunological techniques described. The amount in the sucrose super- 
natant fraction agrees with that found in 0.15 Mm NaCl supernatant fluid 
in a previous study (2). Cytoplasmic particles together contain a greater 
amount than does the supernatant fluid. In the particles it is about 
equally divided between microsomes and mitochondria. The amount re- 
ported for nuclei is less than the error of the method. 

In washed liver slices, the amount in all fractions is less than in perfused 
liver and decreases further on longer incubation. However, more albumin 


TABLE I 
Quantity of Serum Albumin in Fractions of Chicken Liver Cells 
Measurements are given in micrograms per gm. of wet weight of liver. 


Liver slices 
Fraction Perfused liver 
Before incubation |Incubation 150 min. 
Microsomes.... . 175 140 120 
Mitochondria (+ 180 170 135 


Quantitative immunological determinations of chicken serum albumin in fractions 
isolated from chicken liver by the use of 0.25 M sucrose. Nuclei were isolated sep- 
arately in sucrose-CaCl, solutions (6). Liver slices were washed in incubation me- 
dium for 90 minutes at 37° before incubation. Particulate fractions were rendered 
soluble by deoxycholate treatment as described in the text. All samples were 
treated twice with bovine serum albumin and anti-bovine albumin before analysis. 
The results for nuclei were the same whether extracted with deoxycholate or by 
incubation with 0.2 mg. per ml. of deoxyribonuclease (24 hours, 37°, 0.01 m MgCl, 
pH 6.5). The figures are the averages of several experiments. The figures in paren- 
theses indicate that the values are less than the error of the method. 


appears in the incubation medium than is lost from within the cell, so 
that a net synthesis in the whole system is still observed. 

Incorporation of C™ into Serum Albumin of Liver Cell Fractions—Liver 
slices which had been labeled by incubation with CQO, for 20 minutes 
were separated into seven fractions by differential centrifugation in 0.88 
or 0.44 mM sucrose, based on the procedure used by Novikoff et al. (18). 
By phase microscopy or examination of stained smears the 3k and 6k 
fractions (Table II) were seen to consist mainly of mitochondria plus 
nuclei, the 10k fraction of a mixture of mitochondria and microsomes, 
and the remaining three particulate fractions of fairly pure microsomes. 

Significant amounts of C' are seen (Table II) in the albumin of all 
fractions except nuclei. No labeled albumin was released from isolated 
nuclei by treatment either with deoxycholate or with deoxyribonuclease. 


T 
re 
hij 
fr 
in 
et 
fi 
e 

| f 
| 4 


| 


T. PETERS, JR. 665 
The majority of the labeling is in the albumin from the medium size and 
small microsomes (26k and first 105k fractions). When considered in 
relation to the amount of protein present, the albumin labeling in these 
fractions is even more striking. These are also the fractions with the 
highest concentration of ribonucleic acid and with the highest incorporation 
of isotope into their total protein. The albumin from mitochondrial 
fractions contains less C', although the amount of albumin is as great as 
in the microsomes. 


TABLE II 


Incorporation of C into Serum Albumin in Liver Slice Fractions, after 20 Minute 
Incubation in HCO; 


Incorporation in serum 
Ribonucleic Incorporation’ albumin 
Centrifugal force, g | Protein | per | in |Amou |— 
relative relative Relative to 
protein 
per cent total ¥ per gm. liver — _ 
3k 40 5.9 1.3 112 3.2 2.0 
6k 3.5 8.3 1.1 13 0.1 1.0 
10k 6.1 6.0 1.2 44 2.1 9.0 
26k 10.0 19.8 3.2 93 6.7 17.3 
105k 8.2 10.2 1.8 69 4.2 13.3 
105k* 3.2 9.1 1.4 27 0.4 3.6 
Supernatant 29 1.0 1.0 (650) 5.9 5.1 
Nucleif (10) 0.2 


10 gm. of liver slices were incubated in a 250 ml. Erlenmeyer flask. Cell fractions 
were isolated by differential centrifugation in 0.88 M sucrose according to Novikoff 
et al. (18). Particulate fractions were rendered soluble by treatment with deoxy- 
cholate. Serum albumin precipitates were plated with sucrose for counting. For 
further details see the text. 

* Centrifuged in 0.44 m sucrose. 

t Isolated separately in sucrose-CaCl, solutions (6). 


Fractionation of slices which had been incubated with CQO, for 30 
instead of 20 minutes gave results similar to those in Table II. Fractions 
obtained from slices incubated for 180 minutes did not differ from each 
other as much in histological or chemical properties, and all fractions 
except nuclei contained appreciable labeled albumin. The microsomal 
fractions with the highest concentration of ribonucleic acid still showed 
the greatest albumin labeling relative to the amount of protein present. 

Fractionation of liver which had been labeled in vivo by injection of 
C-labeled leucine or glycine 20 or 30 minutes previously also showed a 
more even distribution of labeled albumin among the fractions than oc- 
curred with labeling in vitro for the same period, although the majority 
of the labeling was still in the albumin from the microsomes. The rise 
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and fall of the specific radioactivity of the intracellular amino acids under 
in vivo conditions complicate the interpretation, however, and hence the 
kinetics of incorporation of isotope into albumin were studied in vitro, 
where specific activity of the substrate could be readily controlled. 

Time Relations of C'* Incorporation into Serum Albumin—Fig. 1 shows 
the results of two typical experiments in which incorporation of C" into 
the total serum albumin of cell fractions in vitro was determined. Simi- 
lar results were obtained in three experiments with C™“Q, and one with 


60 120 iso O 60 120 180 
INCUBATION TIME, MINUTES 


Fic. 1. Incorporation of CQO, into serum albumin from particulate and soluble 
fractions of liver slices. Separate flasks containing 1 gm. of slices were incubated 
for the periods of time indicated; then the slices were fractionated and albumin was 
isolated as described under ‘‘Methods.’’ Albumin radioactivity was determined as 
BaCO;. PARTIC. 5S. A. refers to that extracted from the total sedimentable frac- 
tion. SUP.S. A. is that in the sucrose supernatant fluid from the slice. Serum al- 
bumin in the incubation medium was added to this to give SUP. + MED.S. A. 


C'4-glycine as substrate. Due to the variability in relative yield of mito- 
chondrial and microsomal fractions, all of the sedimentable material was 
combined into a “total particulate” fraction as described under “Methods.” 
Nuclei, isolated in separate experiments, showed albumin labeling less 
than 1 per cent of that of the total particulate fraction at all times of in- 
cubation, so that labeled albumin from the particulate fraction can be 
considered to have arisen from cytoplasmic particles. 

Labeled carbon appears first in the albumin of the particulate fraction, 
about 20 minutes later in the albumin of the soluble phase of the slice, and 
slightly later in the incubation medium. The labeling of albumin in 
the particulate phase reaches a plateau at about 60 minutes, after which 
the increase is mainly in the incubation medium. At 10 to 15 minutes, 
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about 80 per cent of the total labeled albumin is bound to the particles, 
whereas at 3 hours this has fallen to about 15 per cent. 

Release of Labeled Albumin from Particles—When liver slices are “‘labeled”’ 
by incubation in the presence of CO, or C"-glycine for 10 to 60 minutes, 
then rinsed in cold medium and transferred to fresh, unlabeled incubation 
medium, the C™ content of the serum albumin within the particulate 
fraction falls while that in the incubation medium rises (Figs. 2 and 3). 
Newly formed albumin apparently is being liberated from the particles 
to the soluble state. The alternative possibility, that the labeled albumin 
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INCUBATION TIME, MINUTES 

Fic. 2. Changes on transfer of labeled slices to unlabeled medium. Slices were 
labeled in a large flask by incubation for 30 minutes in the presence of C'O:, then 
removed and rinsed in a large volume of medium at 0°. 1 gm. aliquots were then 
incubated in separatant flasks with non-labeled medium for the periods indicated. 
Further procedures are described under ‘‘Methods.’’ Albumin precipitates were 
plated with sucrose. Incorporation into liver protein was multiplied by a fixed, 
arbitrary factor so that it could be plotted on the same graph. 


of the particles is being broken down while soluble albumin becomes newly 
labeled, seems implausible in view of the relative constancy of the amount 
of labeling in the total albumin present. Although the total C“ in albumin 
rises somewhat, its rise parallels the rise in C“ in total liver protein and 
can be related to residual CO, not completely washed from the labeled 
slices. 

Labeling in the albumin of the sucrose supernatant fraction from the 
slices (SUP. S. A. in Figs. 2 and 3) consistently rises and then falls, al- 
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though in some experiments only slightly. This suggests that newly 
formed albumin passes through this fraction before entering the incuba- 
tion medium. The possible significance of this is considered in the “Dis- 
cussion.” 

Effects of Metabolic Inhibitors on Formation and Release of Albumin— 
Table III shows the effect of incubation of labeled slices with and without 
inhibitors or after homogenization. Lines 2 and 3 show the typical changes 
upon incubation in labeled or unlabeled medium. The presence of dini- 
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Fic. 3. Changes on transfer of labeled slices to unlabeled medium. The pro- 
cedure was identical with that given for Fig. 2, except that slices were labeled for 
10 instead of 30 minutes, and albumin radioactivity was determined as BaCOs. 
Similar curves were obtained after slices were labeled for 60 minutes in CQ, or 
glycine-1-C'*, 


trophenol in unlabeled medium (Line 4) blocks further incorporation of 
residual C'‘, blocks release of labeled albumin from the particulate fraction, 
and nearly eliminates its release from the slice to the medium. The effects 
are the same when C" is present during the inhibited period (Lines 5 and 
6). Homogenization of the slices also prevents release of labeled al- 
bumin from particles (Line 7). 

These effects are also observed when the liver is labeled by injection of 
C'4-glycine in vivo (Table IV). Lines 1 and 2 show the apparent transfer 
of labeled albumin from particles to medium seen with labeling in vitro. 
There is a substantial increase in the total labeling in the albumin, due 
to residual C'-glycine. The fall in labeling in albumin in the particulate 
fraction is not as dramatic as with labeling in vitro, which is probably 
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explained both by residual C'-glycine and by the metabolic inactivity of 
a major part of the cells of a slice (7), so that the central cells which be- 


TABLE III 


Changes in Labeled Albumin during Subsequent Incubation of 
Slices Labeled for 30 Minutes in Vitro 


Conditions of subsequent incubation C4 in serum albumin, myumoles per gm. liver 
Line No. 

Isotope Additions Medium Supernatant | Particulate Total 
1 Control Control 4.7 11.7 16.4 
2 Cr 12.5 5.5 5.7 23.7 
3 cu 31.8 21.6 31.6 85.0 
4 Cv 0.0005 m DNP 0.8 3.5 11.9 16.2 
5 cu 0.0005 0.5 3.4 13.4 17.3 
ES Gale 0.002 m CN 0.7 4.4 11.7 16.8 
7 “ (Homogenized) 4.0 11.9 15.9 


Results of a typical experiment. Slices were labeled as described for Fig. 2, then 
1 gm. portions were incubated in separate flasks for 90 minutes in either labeled or 
unlabeled medium, as specified in the second column. When present, the concentra- 
tion of C' in the subsequent incubation was made the same as that used in the 30 
minute labeling period. ‘‘Control’’ slices (Line 1) were labeled, washed, and not 
incubated further. Slices shown in Line 7 were homogenized, after labeling, in 3 
volumes of a solution containing 0.35 mM sucrose, 0.035 m KHCOs;, and 0.004 m MgCl, 
and the homogenate was then incubated. Albumin precipitates were plated with 
sucrose. 


TABLE IV 


Changes in Labeled Albumin during Subsequent Incubation of Slices Labeled 
for 30 Minutes in Vivo 


Conditions of subsequent incubati on C4 in serum albumin, c.p.m. per gm. liver X 0.01 
Line No. 
Isotope Additions Medium Supernatant | Particulate Total 
1 Control Control 9.4 22.6 32.0 
2 Cv 21.3 10.7 18.4 50.4 
3 ” 0.002 m CN 2.6 10.0 27.5 40.1 


Liver was labeled by injecting 100 ue. of glycine-1-C' (0.1 mmole of glycine) into 
the wing vein of a 2 pound chicken. 30 minutes later the animal was killed and the 
liver removed and sliced, and 2 gm. portions were incubated in separate flasks in 
non-labeled medium for 90 minutes. Albumin precipitates were plated with su- 
crose. 


come labeled in the in vivo, but not in the in vitro, experiment do not re- 
lease albumin during the subsequent incubations in non-labeled medium. 
The data of Line 3 show that cyanide again prevents loss of labeled al- 
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bumin from the particles and greatly reduces its release into the medium. 
The increase in total albumin labeling seen in the presence of cyanide may 
have been caused by continued incorporation of residual C"-glycine 
before complete penetration of the inhibitor. 

Comparison of Total Albumin and Liver Protein Labeling—When the 
total labeling in albumin, consisting of the sum of that from the particulate 
fraction, slice supernatant fluid, and incubation medium, is plotted for 
comparison with the total labeling in the liver protein (Fig. 4), no appre- 
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Fic. 4. Total labeling in serum albumin compared with total labeling in liver 
protein. Separate flasks, each containing 1 gm. of slices, were incubated in the 
presence of C'Os for the periods of time indicated. Radioactivity was determined 
as BaCO;. Incorporation into liver protein was multiplied by a fixed, arbitrary 
factor so that the shapes of the two curves could be compared. Three separate ex- 
periments are shown. 


ciable lag is seen in the appearance of isotope in albumin, in contrast to 
the 15 to 20 minute lag seen when soluble albumin alone was considered 
(1). Incorporation proceeds fairly linearly for an hour after a short period 
of increasing rate which is probably due to diffusion and incorporation of 
the 

Conversely, when labeled slices are placed in unlabeled medium (Figs. 2 
and 3), there is no relative increase in labeling of total albumin beyond 
that occurring in liver protein. Hence, within the sensitivity of these 
experiments, there is no longer evidence for an “intermediate” in the syn- 
thesis of albumin (1) other than the material shown to be bound to the 
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cell particles. An intermediate substance which existed for less than 2 to 3 
minutes would not be apparent from these experiments. 

Properties of Serum Albumin of Particulate Fraction—Tests were made 
for possible adsorption or exchange of soluble albumin by particles during 
the isolation procedure. The results given in Table V show that ['*!- 
labeled chicken serum albumin added to a homogenate is not precipitated 
by the particulate fraction. Storage for 5 to 16 hours at 3° did not alter 
the results. Busch, Simbonis, Anderson, and Greene (19) have published 
similar findings for various organs of the rat by use of C-labeled albumin. 
When they added C-labeled serum globulins, however, they did find ap- 
preciable binding to the particles. 

In preliminary studies on the ease with which newly formed albumin 


TABLE V 
Recovery of I'*'-Labeled Chicken Serum Albumin Added to Liver Homogenates 


Per cent I'3! in supernatant 
Step 
0.9 per cent NaCl 0.25 M sucrose 


Liver was homogenized in 2.5 volumes of 0.9 per cent NaCl or 0.25 m sucrose, and 
a trace amount of I'*!-labeled chicken serum albumin was added. After 1 to 2 hours 
at 3°, the homogenates were centrifuged at 105,000 X g for 60 minutes and the pre- 
cipitates washed by homogenizing with 2.5 volumes of the appropriate solution and 
again centrifuging. The figures are the averages of two or more experiments. 


can be released from particles, treatment with ribonuclease or by alternate 
freezing and thawing in distilled water rendered soluble only about 30 
per cent of the labeled albumin released by deoxycholate. 

The albumin from the particulate fraction appeared to be identical with 
native serum albumin in preliminary studies of its electrophoretic migra- 
tion in starch. Double diffusion in agar (12) with native serum albumin 
gave smooth bands with no spurs, indicating immunological identity, al- 
though exhaustive tests have not been performed. The preparative pro- 
cedure which has been adopted implies that the material is soluble in dis- 
tilled water and is non-dialyzable. 

Failure of Other Organs to Form Serum Albumin—In addition to liver, 
four other organs were similarly homogenized, and total particulate and 
soluble fractions were prepared 20 minutes after injection of C'‘-leucine 
in vivo (Table VI). Although treatment of the particulate fractions of 
the other organs with deoxycholate is seen to release material which precipi- 
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tates with anti-chicken albumin, estimated at 180 to 300 y per gm. of wet 
tissue, the C™ in these precipitates is insignificant when compared to 
that from liver. Radioactivity of the albumin from the soluble fractions 
of the organs tends to be higher than that from the particulate fractions, 
suggesting that this albumin entered the cell from the blood stream. 


TaBLeE VI 
Incorporation of C'* into Serum Albumin of Various Organs of Chicken 
C™ in serum albumin, c.p.m. . 
fraction Particulate Supernatant 
y per gm. tissue 
400 40.2 6.4 
Intestinal mucosa................. 250 0.5 0.5 


Leucine-U-C™ (25 uc., 4 wmoles) was injected into the wing vein of a 3 pound 
chicken. After 20 minutes, the animal was killed, and the various organs were 
homogenized in 0.25 m sucrose. The liver was perfused with cold Krebs-Ringer- 
bicarbonate and then with 0.25 mM sucrose. Other organs were not perfused. Isola- 
tion of the total particulate fraction, treatment with deoxycholate, and isolation of 
serum albumin followed the procedure given for liver under ‘‘Methods.’’ Albumin 
precipitates were plated with sucrose. The quantity of serum albumin extracted 
from the particulate fractions was estimated by comparing visually the volumes of 
the specific precipitates. 


DISCUSSION 


It must be emphasized that the type of evidence offered in the present 
paper cannot define the nature of the albumin obtained from the particulate 
matter more precisely than to note that it is non-dialyzable, water-soluble, 
and apparently immunologically and electrophoretically the same as 
serum albumin after it has been rendered soluble by any of various methods 
of treatment. The type of compounds to which it is bound and the 
chemical nature of the binding require further study. It is hoped that 
conditions can be found under which the physiological release of labeled 
albumin from particles can be achieved in homogenates, analogous to 
the release of labeled proteins from reticulocyte granules reported by 
Rabinovitz and Olson (20) and from oviduct sediment by Hendler (21). 
The histological origin of the albumin (whether the particulate serum 
albumin is in liver parenchymal or reticulo-endothelial cells or whether 
it is within or bound to the surface of cell particles or of the cell membrane) 
cannot be settled by the techniques used here. 
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Regardless of its histologic location or of the nature of the binding forces, 
the particulate serum albumin does appear to function as the metabolic 
precursor of native albumin. ‘This conclusion is based upon the time 
relations of C incorporation into soluble and bound albumin and upon 
the release of labeled albumin from particles observed upon removal 
fom radioactive substrate. Rough calculations made from the degree 
of labeling obtained indicate that much, if not all, of the particulate al- 
bumin may have such a role. Thus, the incorporation of CO, into partic- 
ulate albumin in slices reaches a plateau at about 0.2 umole per gm. of 
liver after 1 to 2 hours of incubation (Fig. 1). This is equivalent to 77 
y of newly synthesized albumin, on the assumption that the molecular 
weight is 69,000, and that all of the CO. incorporation has occurred into 
79 glutamic a-COOH and 102 aspartic a- and B-COOH residues. The 
total particulate fraction contains about 250 to 300 y of albumin at this 
time of incubation, so that one might infer that 25 to 30 per cent of the 
total particulate albumin has been newly formed. Since only a fraction 
of the cells of the liver slice is metabolically active (7), all of the particulate 
albumin in these cells may be newly synthesized at this time. 

The 15 to 20 minute lag previously noted in the appearance of isotope in 
soluble albumin in vitro (1) has recently been confirmed by Campbell 
and Stone (10) with rat liver. A similar lag has been reported for serum 
proteins in vivo (Friedberg, Tarver, and Greenberg (22); Borsook e¢ al. 
(23)) and in perfused livers (Miller et al. (24) and Jensen and Tarver (25)). 
A lag has been observed in appearance of C™ in pancreatic secretions by 
Junqueira, Hirsch, and Rothschild (26), in Bence-Jones protein by Putnam, 
Meyer, and Miyake (27), in antibodies by Ogata et al. (28), and in oval- 
bumin by Hendler (29). Dalgliesh (30) has cited this lag as an example 
of the time of biosynthesis of a protein molecule. It has been made the 
subject of a detailed study in the case of serum proteins in vivo by Green 
and Anker (31), who inferred from the variation with temperature that 
the time is that required for a physiological process and not simple diffusion. 

The present work implies that the lag in the case of serum albumin 
synthesis is the time required for release of an immunologically complete 
form of serum albumin from a binding by particulate matter. Ready 
inhibition of this release by cyanide or dinitrophenol (DNP) would seem 
to confirm Green and Anker’s conclusion that this is a physiological process. 

It is of interest that the lag has been noted only for proteins which are 
secreted by the cell, these being more readily susceptible to study. Hence 
the release of albumin from the particles may be related to the mechanism 
of its secretion from the cell. The possibility that the newly formed al- 
bumin passes through the intracellular soluble phase before secretion cannot 
be excluded by the present study, however. Although the albumin found 
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in the sucrose supernatant fluid of the slice (Figs. 2 and 3) may have arisen 
from the extracellular space within the slice, the marked inhibition of 
secretion into the medium in the presence of cyanide or DNP (Tables 
III and IV) does not support this concept, since it suggests that transfer 
from the soluble phase of the slice to the incubation medium is also a 
metabolic process and not simple diffusion. Use of trypsin or citrate 
solutions to obtain active free cell suspensions of chicken liver in order to 
eliminate the ambiguity caused by the extracellular phase inherent within 
a slice has not been successful. 

The time required for accumulation of the amino acids into the serum 
albumin precursor as it exists in the particles must be much shorter than 
the 15 to 20 minute lag seen in its release, since the total incorporation into 
albumin has reached a linear rate before this time (Fig. 4). A delay of 
only 2 to 3 minutes would not be detected in these experiments, so that 
the time for initial synthesis of a protein molecule could be of this magni- 
tude, as suggested by the work of Loftfield (32) .? 

The failure to detect albumin in isolated liver cell nuclei deserves com- 
ment, since it is at variance with the results of Gitlin, Landing, and Whipple 
(34), who found strong nuclear fluorescence upon exposing washed histo- 
logical sections to appropriate antibodies made fluorescent by the Coons 
technique. The difference remains unresolved at present, since albumin in 
nuclei could possibly have been completely eluted during the isolation 
procedure used in the present work, which employed aqueous solutions, 
or could have escaped elution and detection during the subsequent treat- 
ment with deoxycholate or deoxyribonuclease. Experiments are in progress 
to test nuclei isolated by the use of non-aqueous solvents, although there 
are also valid objections to these techniques. 

Failure to find labeled carbon in the albumin from the particulate frac- 
tions of kidney, spleen, intestinal mucosa, and heart after injection in vivo 
supports the wealth of previous evidence that the liver is the sole source 
of serum albumin (24, 35, 36) and is in agreement with the finding of 


2 Craddock and Dalgliesh have recently reported (33) that the curve for the ap- 
pearance of radioactivity in ribonuclease in pancreas slices also intercepts the time 
axis at or near the origin. They, too, interpret this as meaning that protein syn- 
thesis is a rapid process, although they offer the alternative suggestion that the failure 
to observe a lag tn vitro, such as Junqueira, Hirsch, and Rothschild observed in vivo 
(26), may be due to the occurrence of exchange of amino acids in vitro rather than 
de novo synthesis. <A simpler explanation for the difference between the results in 
vitro and in vivo seems to be that the lag represents the time for release of newly 
formed ribonuclease from within the cell into the pancreatic secretion, and that this 
newly formed ribonuclease was included in the total in the slice but not in the in vivo 
experiments. The extraction procedure used by Craddock and Dalgliesh included 
washing the cell debris with 0.25 Nn H2SO,, which might be expected to extract all of 
the ribonuclease present, whether soluble or bound. 
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Campbell and Stone that rat kidney slices did not form labeled albumin in 
vitro (10). It also lends confidence in the specificity of the procedure 
used here for the isolation of serum albumin. 

Serum albumin produced by chicken liver slices is found to comprise 
about 10 per cent of the total protein synthesized. This is most readily 
seen in Fig. 4, in which the curves for incorporation of C" into total liver 
protein, multiplied by 0.1, practically coincide with those for incorporation 
into serum albumin. 

While this work was in progress, the paper by Khesin (37) became 
available in which was reported the appearance of C™ from intravenously 
injected amino acids in serum albumin extracted from cytoplasmic particles 
of rat liver by distilled water or butanol. Khesin found slight (10 per 
cent or less) decreases in the quantity and radioactivity of the albumin 
from ‘large granules” during subsequent aerobic incubation of labeled 
slices in non-labeled medium and concomitant increases in that in the 
microsomes which were of greater magnitude. He did not study trans- 
formations between particulate and soluble serum albumin. He, too, 
isolated albumin by precipitation with specific antiserum and was ap- 
parently studying the same material detected in the current work. His 
results are difficult to correlate with those presented here, however, be- 
cause of his failure to mention measures to avoid non-specific adsorption 
in immune precipitates, to the partial recovery of cytoplasmic fractions, 
and to the low magnitude of the changes reported. He had been unable 
to demonstrate net synthesis of serum albumin by rat liver slices, although 
subsequently both Campbell (10) and Marsh and Drabkin (38) have 
reported this. 

SUMMARY 


1. Material which precipitates with antiserum prepared against chicken 
serum albumin can be rendered soluble from the cytoplasmic particles 
of chicken liver by treatment with deoxycholate or other agents. Solu- 
tions are first treated with an unrelated antigen and antibody to remove 
complement and non-specific coprecipitating proteins. 

2. Tracer studies. indicate that this material does not represent soluble 
albumin adsorbed by particles during the isolation procedure. It is non- 
dialyzable and electrophoretically and immunologically similar to native 
albumin. 

3. Albumin can be found in extracts from all cytoplasmic particle 
fractions, but after short exposures incorporation of C™ is greatest into 
the albumin of the subfractions with the highest ribonucleic acid con- 
centration. 

4. Little if any albumin is released from nuclei isolated in aqueous media, 
and this shows no significant incorporation of C". 
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5. Time relationships of C™ incorporation indicate that the albumin 
bound to cytoplasmic particles is the precursor of soluble albumin. The 
albumin of the particles incorporates C™ before it appears in soluble al- 
bumin, and, upon transfer of labeled slices to non-radioactive medium, 
radioactive albumin continues to be released from particles to the soluble 
state. 

6. The release of labeled albumin apparently requires an average time of 
15 to 20 minutes and accounts for the lag in appearance of C" in soluble 
albumin reported previously. The time required for accumulation of 
amino acids into the bound albumin is inferred to be less than 2 to 3 minutes. 

7. The particulate fractions of kidney, spleen, intestinal mucosa, and 
heart, subjected to similar treatment, also appear to release bound al- 
bumin, but incorporation of C into this albumin after a 20 minute ex- 
posure in vivo is insignificant compared to that from liver. 
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STUDIES ON POLYNUCLEOTIDES SYNTHESIZED BY 
POLYNUCLEOTIDE PHOSPHORYLASE 


I. STRUCTURE OF POLYNUCLEOTIDES WITH ONE TYPE OF 
NUCLEOTIDE UNIT* 


By LEON A. HEPPEL, PRISCILLA J. ORTIZ, anp SEVERO OCHOA 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland, and the 
Department of Biochemistry, New York University College of Medicine, 

New York, New York) 


(Received for publication, February 14, 1957) 


An enzyme isolated from Azotobacter vinelandii catalyzes the synthesis 
of polynucleotides from nucleoside 5’-diphosphates with release of ortho- 
phosphate (1-5). The reaction was found to be a reversible phosphorolysis, 
and the enzyme has therefore been called polynucleotide phosphorylase. 
A similar enzyme has been purified from Escherichia coli (6), Micrococcus 
lysodeikticus (7), and Alcaligenes faecalis (8). Preliminary studies, based 
on chemical and enzymatic degradation of the biosynthetic polynucleotides 
prepared with Azotobacter enzyme, showed that they are made up of 5’- 
mononucleotide units linked to one another through 3’-phosphoribose 
ester bonds as in RNA! (2, 4, 5, 9). 


* The work at New York University was aided by grants from the National Insti- 
tute of Arthritis and Metabolic Diseases (Grant A-529) and the National Cancer 
Institute (Grant C-2784) of the National Institutes of Health, United States Public 
Health Service; the American Cancer Society (recommended by the Committee on 
Growth of the National Research Council); the Rockefeller Foundation; and by a 
contract (No. N6onr279, T. O. 6) between the Office of Naval Research and New 
York University College of Medicine. 

1 The following abbreviations are used: for derivatives of inosine (I), adenosine 
(A), guanosine (G), uridine (U), and cytidine (C), respectively; the nucleoside 5’-di- 
phosphates are IDP, ADP, GDP, UDP, and CDP; the nucleoside 5’-monophos- 
phates are 5’-IMP, 5’-AMP, 5’-GMP, 5’-UMP, and 5’-CMP;; the nucleoside 3’-phos- 
phates are 3’‘-AMP or Ap, 3’-GMP or Gp, 3’-UMP or Up, and 3’-CMP or Cp; the 
mixtures of the isomeric 2’- and 3’-nucleoside monophosphates obtained after alka- 
line hydrolysis of a polynucleotide are referred to as IMP, AMP, GMP, UMP, and 
CMP; ribonucleic acid, RNA. Small polynucleotides are designated by a system 
proposed by Markham and Smith (11). A phosphate group is denoted by p; when 
placed to the right of the nucleoside symbol, the phosphate is esterified at C3’ of 
the ribose moiety; when placed to the left of the nucleoside symbol, the phosphate 
is esterified at C5’ of the ribose moiety. Thus, UpUp is a dinucleotide with one 
phosphate monoesterified at C3’ of a uridine residue and a phosphodiester bond be- 
tween C5’ of that same uridine residue and C3’ of the other uridine group. UpU 
would be the dinucleoside monophosphate, uridine 3’-uridine 5’-phosphate. There 
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In this report and in Paper II of this series (10), more detailed evidence 
for the structure of polynucleotides formed by the action of purified 
polynucleotide phosphorylase is given. The present communication is 
concerned with polymers that contain a single monomeric unit, in contrast 
to those containing a mixture of bases, to be described in Paper II. In- 
cluded are the polymers formed from ADP, IDP, UDP, or CDP. For 
convenience, they are designated as the A polymer, I polymer, ete. The 
results indicate that these polymers are indeed ribopolynucleotides, unique 
in containing only one base. The products obtained by the action of 
hydrolytic enzymes are just what one would expect from the specificity 
of these enzymes as determined previously with RNA, RNA degradation 
products, and various model substrates prepared by chemical synthesis. 
With U and C polymers, it was possible to make a more detailed analysis 
of the action of pancreatic ribonuclease than was practical with RNA. 
Quantitative data are presented which show that, in the initial phase of 
ribonuclease digestion, the pyrimidine chain is completely broken up to 
give mainly cyclic-terminal polynucleotides 2 to 4 units long (see Fig. 1). 
These are later cleaved into smaller cyclic-terminal units which finally 
are hydrolyzed to 3’-UMP or 3’-CMP. Quantitative confirmation is thus 
provided for a scheme of ribonuclease action first proposed by Markham 
and Smith (11). 


EXPERIMENTAL 


Preparations—The preparation and isolation of the polymers have 
been described elsewhere (3). Azotobacter enzyme? of specific activity 
15 to 18 (cf. Grunberg-Manago e/ al. (3)) was used. 

Spleen phosphodiesterase was purified as described by Heppel and Hilmoe 
(12), with the addition of two further steps developed by Hilmoe, but 
not yet published. Another fraction from calf spleen was kindly supplied 
by Dr. Mary Maver; she has termed it spleen ribonuclease (13). The 
two preparations differ in that the phosphodiesterase contains only a 
trace of activity against cyclic nucleotide bonds, whereas the ribonuclease 
rapidly hydrolyzes such linkages. Both fractions catalyze the complete 
hydrolysis of RNA to a mixture of nucleoside 3’-phosphates. Crystalline 
pancreatic ribonuclease (14) was a commercial preparation (Armour). 
Purified snake venom phosphodiesterase (15), free from 5’-nucleotidase 


is no general agreement on nomenclature for cyclic-terminal nucleotides. They have 
been represented here by using the symbol -cyclic-p to indicate a 2’:3’-phosphoryl 
group. Thus, U-cyclic-p is uridine 2’:3’-phosphate and UpU-cyclic-p is the cyclic- 
terminal dinucleotide. Fig. 1 shows the structure of two dinucleotides and of the 
cyclic-terminal trinucleotide, UpUpU-cyclic-p. 

2 Prepared by Dr. M. Staehelin and Mr. M. C. Schneider. 
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activity, was a gift of Dr. L. Astrachan of the McCollum-Pratt Institute, 
The Johns Hopkins University. 

Phosphomonoesterase was fractionated from human seminal plasma (11). 
It was suitable for the complete removal of the terminal phosphomonoester 
group of small polynucleotides without hydrolysis of phosphodiester 
linkages. However, with a large excess of enzyme, appreciable phos- 


OPO;H;  Uracil—C—C—C—C—C 
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phodiesterase activity was noted. 5’-Nucleotidase, free from phosphodi- 
esterase activity, was purified from bull seminal plasma (16). 

Methods—Descending chromatography was carried out with Whatman 
No. 3 MM paper (for Solvents 1 and 4) or No. 1 paper (for Solvents 2 and 
3); Solvent 1, isopropanol-water (70:30, v/v), with NH; in the vapor 
phase (i7); Solvent 2, saturated ammonium sulfate-isopropanol-1 mM 
sodium acetate (80:2:18, v/v/v) (18); Solvent 3, isopropanol, 170 ml., 
concentrated HCl, 44 ml., water to 250 ml. (19); Solvent 4, 95 per cent 
ethanol, 750 ml., 1 M ammonium acetate, 300 ml. (20). 

Electrophoretic separation of nucleotides was performed according to 
Markham and Smith (17) on strips (56 X 9 cm.) of Whatman No. 3 MM 
paper saturated with 0.05 m ammonium formate-formic acid buffer, pH 3.5, 
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or potassium phosphate buffer, pH 7.4. The purine- and pyrimidine- 
containing compounds were located on chromatograms and electrophoresis 
strips by ultraviolet photography. They were eluted from paper with 
water for chemical or enzymatic treatments. 


Procedure for Identification of Products of Enzymatic Reactions 


Incomplete hydrolysis wascarried out with several enzyme preparations 
and the mixture chromatographed in Solvent 1. New compounds detected 
in this way were eluted from paper and identified by the procedures 
described below, which have been discussed in the literature (21-26) and 
particularly in papers by Markham and coworkers (11, 17, 27-29). 

Chemical Degradation; Treatment A—Alkaline hydrolysis in 1 N NaOH 
for 18 hours at 23° was used to break phosphodiester internucleotide links 
(11) as well as cyclic phosphate bonds. The products were identified, 
after neutralization of excess alkali, by chromatography in Solvents 1 
and 2 or by paper electrophoresis at pH 3.5. 

Treatment B—The cyclic phosphate bonds of nucleoside 2’:3’-phos- 
phates were hydrolyzed by 0.1 ~ HCl for 4 hours at 23° (23). The phos- 
phodiester internucleotide bonds are not broken under these conditions. 
Hydrolysis of the cyclic anhydride bond leads to the formation of products 
with a decreased Ry in Solvents 1 and 4 and increased R, in Solvent 2. 
These have a phosphomonoester end group. 

Treatment C—Periodate was used to oxidize nucleotides containing 
unsubstituted hydroxyl groups at C2’ and C3’. Oxidation was carried 
out with excess of NaIO, at room temperature for 30 minutes. The 
oxidation product is unstable at pH 10.5 (25, 27), yielding an oxidized 
nucleoside residue and a polynucleotide containing 1 less nucleoside 
residue than the original compound. 

Enzymatic Degradation; Treatment D—Phosphomonoester groups were 
removed by means of human seminal plasma phosphomonoesterase. The 
incubation mixture contained 0.02 ml. of enzyme (24 y of protein), 0.02 ml. 
of 0.1 m MgCl., 0.02 ml. of 0.5 m acetate buffer, pH 5, and 0.02 ml. of 
substrate (0.5 to 1.0 umole). The incubation period was 4 hours at 37° 
and the products were separated by chromatography in Solvent 1. The 
Ry was increased by removal of the phosphomonoester group. 

Treatment E—®5’-Mononucleotides were identified by chromatography 
in Solvent 1 and by the result of incubation with bull semen 5’-nucleotidase. 
The enzyme hydrolyzes only phosphate which is monoesterified at C5’; 
diester bonds are not cleaved. The incubation mixture contained 0.02 
ml. of enzyme (1.5 y of protein), 0.06 ml. of substrate (0.5 to 1.0 umole), 
0.01 ml. of 1 m glycine buffer, pH 8.5, and 0.01 ml. of 0.1 m MgCl; this 
was incubated at 37.3° for 4 hours and the products were separated by 
chromatography in either Solvent 1 or 4. 
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Treatment F—Purified snake venom phosphodiesterase hydrolyzes 
C3’—C5’ internucleotide links in such a way as to leave phosphate esteri- 
fied at C5’. The enzyme hydrolyzes small cyclic-terminal polynucleotides 
(i.e. polynucleotides with a terminal 2’:3’-phosphoryl group), but fails to 
hydrolyze small polynucleotides containing a phosphomonoester group 
at C3’. On the other hand, polynucleotides (including oligonucleotides) 
with a phosphomonoester group at C5’ are rapidly hydrolyzed to give 
nucleoside 5’-phosphates exclusively. The incubation mixture contained 
0.03 ml. of substrate (0.3 to 1.0 umole), 0.01 ml. of 1.0 m glycine, pH 9.3, 
0.02 ml. of 0.1 M MgCle, and 0.02 ml. (0.1 mg.) of venom diesterase. After 
4 hours at 37° the products were separated, usually by chromatography 
in Solvent 1.’ 

Treatment G—Spleen phosphodiesterase (12) hydrolyzed the polymers 
themselves, small polynucleotides, and dinucleoside monophosphates. 
This enzyme fraction, however, was inactive with small polynucleotides 
containing a phosphomonoester group at C5’. The phosphodiester link 
was broken so as to leave phosphate esterified at C3’. The incubation 
mixture contained 0.05 ml. of phosphodiesterase (11 y of protein), 0.02 ml. 
of 0.25 m succinate, pH 6.6, and 0.03 ml. of substrate (0.3 to 1.0 umole); 
it was kept for 3 hours at 37° and subsequently chromatographed in 
Solvents 1 and 2. 

Treatment H—Incubation with lyophilized snake venom converted the 
biosynthetic polymers to nucleosides. This material contains 5’-nucleo- 
tidase but is entirely free from activity against 3’-nucleotides. Conditions 
were as for Treatment F except that the enzyme preparation was 0.02 ml. 
of a solution of venom (Crotalus adamanteus) containing 10 mg. of protein 
per ml. 

Treatment I—Nucleoside 2’:3’-phosphates were hydrolyzed by the 
spleen ribonuclease fraction of Maver and Greco (13), the cyclic 2’:3’- 
phosphoryl group being split to form nucleoside 2’-phosphates. The same 
fraction acts on C3’—C5’ internucleotide phosphodiester links to give 
exclusively nucleoside 3’-phosphates. The incubation mixture contained 
0.02 ml. of enzyme (0.1 mg. of protein), 0.02 ml. of 0.25 m sodium succinate 
buffer, pH 6.5, and 0.06 ml. of substrate (0.3 to 1.0 umole). It was main- 
tained for 4 hours at 37° and then chromatographed in either Solvent 1 or 2. 


Results 


In presenting the results, frequent reference is made to the chemical 
and enzymatic treatments described above and the letters A to I given 
below in parentheses will refer to these treatments. The procedures are 
also summarized in Table I. It should be noted that hydrolysis of the 


3 Similar methods were used by Markham and Smith (11) and by Whitfeld, Heppel, 
and Markham (29). Additional details may be found in these papers. 
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polymers and the other reactions involved in Treatments A to I proceeded 
to completion, with several exceptions indicated below. 

Hydrolysis of A Polymer to Mononucleotides—As shown in Table II, A 
polymer was converted to a mixture of 2’-AMP and 3’-AMP by alkaline 
hydrolysis. In addition, a small amount of adenosine and adenosine 3’ :5’- 
diphosphate also appeared ; these were derived from the ends of polynucleo- 
tide chains ((30); cf. Ochoa (4)). Hydrolysis by the two spleen fractions 
formed 3’-AMP in a yield of 80 to 90 per cent. The occurrence of minor 


TABLE 


Summary of Procedure for Identification of Polynucleotides 
by Specific Degradation Methods 


Treatment Substrate Nature of reaction, or products 


A, N NaOH, 18 hrs., 23° Polynucleotides Nucleoside 3’-phosphates 
and 2’-phosphates 

B, 0.1 n HCl, 4 hrs., 23° Cyclic-terminal ribonu- | Rupture of cyclic 2’:3’- 
cleotides phosphoryl group 

C, NalIQ,, 30 min., 23° Polynucleotides with free} Oxidation to dialdehyde, 
—OH groups at C2’ unstable at pH 10.5 


and C3’ 
D, Phosphomonoesterase | Polynucleotides Removal of phosphomono- 
ester group 
E, 5’-nucleotidase Nucleoside 5’-phosphates; Hydrolysis to orthophos- 


phate and nucleosides 
F, venom phosphodiester- | Oligonucleotides, except | Hydrolysis to nucleoside 


ase those with phospho- 5’-phosphates 
monoester group at C3’ 
G, spleen phosphodiester- | Polynucleotides Hydrolysis to nucleoside 
ase 3’-phosphates 
H, whole snake venom Same as F Hydrolysis to nucleosides 
I, spleen ribonuclease Cyclic ribonucleotides Hydrolysis of 2’:3’-phos- 


phoryl group to nucleo- 
side 2’-phosphate group 


end products of exhaustive digestion could not be examined, because with 
the fraction of Heppel and Hilmoe (12) the rate eventually became very 
slow and with the Maver and Greco fraction (13) traces of phosphomono- 
esterase caused interference. Purified venom phosphodiesterase hydro- 
lyzed A polymer to give exclusively 5’-AMP, identified by the properties 
listed in Table III and also by the fact that it was hydrolyzed to ade- 
nosine and orthophosphate by bull semen 5’-nucleotidase (EF). As would 
be expected from the known specificity of this enzyme, pancreatic ribo- 
nuclease had no effect on A polymer. 

Incubation of A polymer (equivalent to 1 umole of AMP) with spleen 
phosphodiesterase and 0.04 ml. of methanol, in a final volume of 0.2 ml., 


| | 
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formed 0.3 umole of adenosine 3’-methyl phosphate and 0.7 umole of 3’- 
AMP. The experimental conditions were similar to those for Treatment 
I except that the time was 7 hours. The ratio of the Ry of the methyl 
ester to that of 3’-AMP (Ry-amp) was 2.8, Solvent 1 being used. Its 


TABLE II 
Products of Hydrolysis of Polymers* 
Polymer | Treatmentt | Solvent No. Reaction productst 

A Alkali (A) 3’-AMP (1.0), 2’-AMP (1.69) 
« Spleen 2 “ (1.0) 
Venom (F) | 5’-AMP (0.85) 
Ribonuclease | 1 No hydrolysis 
U Alkali (A) 1 UMP (1.0) 
Spleen (G, I) | 3’-UMP (1.0) 
Venom (F) | 1 5’-UMP (0.8) 
Ribonuclease UMP (1.0) 
C Alkali (A) 2 3’-CMP (4.77), 2’-CMP (5.15) 
Spleen (G) 2 | (4.77) 
| 2 | (4.77), 2’-CMP (5.15) 
Venom (F) | §’-CMP (0.65) 
Ribonuclease§ 2 3’-CMP (4.77) 
I Alkali (A) 2 3’-IMP (3.46), 2’-IMP (4.15) 
Spleen (G, I) 2 “ (3.46) 
Venom (F) 1 5’-IMP (0.60) 
Ribonuclease § No hydrolysis 


* Hydrolysis, when it proceeded, went to completion except in the case of spleen 
phosphodiesterase, in which it exceeded 95 per cent. 

t The letters in parentheses refer to chemical and enzymatic treatment described 
under ‘‘Methods.”’ 

t The values given in parentheses, referred to as R3--amp values, give the ratio of 
the Rp of the compound in question to that of 3’-AMP determined simultaneously. 
Although absolute Rp values are subject to variation, due to fluctuations in tem- 
perature and in the volatile constituents of the solvent systems, the R;--amp values 
are quite constant. The Rp of 3’-AMP varies but has an average value of 0.2 in 
Solvent 1, 0.13 in Solvent 2, and 0.2 in Solvent 4. 

§ 1.0 mg. of polymer incubated with 0.1 mg. of enzyme in 0.2 ml. of 0.1 M phosphate 
buffer, pH 7.4, for 7 hours at 37°. 


further identification was carried out as described by Heppel ef al. 
(29). 

Formation of Small Polynucleotides from A Polymer—An attempt was 
made to detect small polynucleotides as possible transient intermediates 
in the hydrolysis of A polymer by the spleen fractions and by purified 
snake venom phosphodiesterase. Chromatography in Solvents 1 and 4, 
and paper electrophoresis, failed to show presence of oligonucleotides 
(containing less than 5 nucleotide residues). With an ammonium sulfate 
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fraction isolated from guinea pig liver nuclei, A polymer was converted to 
a mixture of 5’-AMP and di-, tri-, and tetranucleotides. From 10 to 28 
per cent of the adenylic acid residues appeared in each of these products. 
The polynucleotides all contained a phosphomonoester group esterified 
at C5’. This work has been published (31) but additional data are pre- 
sented below. 


TaBLeE III 
Ry-amp Values and Electrophoretic Mobilities 
Composition of solvent systems and procedures for paper electrophoresis are de- 
scribed under ‘“‘Methods.’’ Paper electrophoresis was carried out in 0.05 m formate 
buffer, pH 3.5, at 20 volts per em. or in 0.05 mM phosphate buffer, pH 7.2, at 14 volts 
per cm. 


Ry-aAMP 
Compound 
Solvent 1 “Solvent Solvent 4! pH 3.5 pH 7.2 
| ths. 
| 1.0 1.0 6.7 
Adenosine. 2.58 0.84 | 
Adenosine 3’-methyl phosphate. 2.8 7.5 | 
UMP (2’- or 3’-). 4.8 1.4 20.0 °22.0 
Uridine 2’:3’- ‘phosphate. 3.62 20.0 | 15.0 
Uridine...... 2.45 4.5 3.55 0.0 
§’-diphosphate. . 0.165 26.0 


Supplementary evidence for the structure of the dinucleotide, pApA, 
was obtained by comparing it with the isomeric dinucleotide, ApAp, 
obtained as described in Paper II of this series (10). The structures of 
these compounds are indicated in Fig. 1. In Solvent 1, 3’-AMP has a 
greater Ry than 5’-AMP (Table III) and, similarly, ApAp has a slightly 
greater Ry than pApA. Also, 3’-AMP has a greater electrophoretic mo- 
bility at pH 3.5 than 5’-AMP (Table III). Consistent with this, the 
3’-terminal dinucleotide (ApAp) has a greater mobility than the 5’-terminal 
dinucleotide (pApA). The following evidence for the structure of the 
trinucleotide, pApApA, was obtained: hydrolysis with purified snake 
venom diesterase (IF) caused complete conversion to 5’/-AMP, identified 
by Ry, electrophoretic mobility, and by sensitivity to hydrolysis by 5’- 
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nucleotidase (E). Treatment of pApApA with phosphomonoesterase 
yielded the trinucleoside diphosphate, ApApA, which was hydrolyzed by 
alkali to give adenylic acid and adenosine in a ratio of 2.1:1. Finally, 
oxidation with periodate followed by incubation at pH 10.5 (C) gave a 
compound of very low Ry in Solvent 1, presumably pApAp. Sensitivity 
to periodate indicates that phosphate is monoesterified at C5’ rather than 
at C3’. The values for R3--4xp in Solvent 2 are shown in Table III. 
As expected, these values show a regular progression, going from the mono- 
to the tetranucleotide. 

Experiments with U Polymer—Alkaline hydrolysis of U polymer yielded 
a product which was hydrolyzed by semen monoesterase, but not by 5’- 
nucleotidase, and was presumed to be the isomeric mixture of 3’-UMP 
and 2’-UMP. Incubation with purified venom diesterase (I) formed 
5’-UMP, identified by R,y and electrophoretic mobility (Table III) and 
by treatment with 5’-nucleotidase (E). Hydrolysis by the two spleen 
fractions yielded a mononucleotide presumed to be 3’-UMP. However, 
no procedure which separates 3’-U MP and 2’-UMP was carried out. 

Exhaustive digestion with pancreatic ribonuclease converted U polymer 
entirely to UMP (Table II), which was undoubtedly 3’-UMP, except for 
small amounts of uridine and uridine 3’ ,5’-diphosphate derived from the 
ends of polynucleotide chains (30). By changing the concentration of 
ribonuclease, an interesting series of transitions was observed (Table IV). 
With the lowest concentration, 0.03 y per 0.1 ml., most of the uridine resi- 
dues were in the form of large polynucleotides, but 14 per cent was as the 
cyclic-terminal tetranucleotide, UpUpUpU-cyclic-p, and 6 per cent as the 
cyclic-terminal trinucleotide, UpUpU-cyclic-p. At 0.06 y per 0.1 ml., 
the concentration of large polynucleotides fell greatly while that of 
UpUpUpU-cyclie-p increased to 31 per cent, only to fall again with further 
increase in the concentration of enzyme. As the level of ribonuclease was 
successively increased, the concentration of each cyclic-terminal polynucleo- 
tide in turn went through a maximum. It is evident from Table IV that 
cleavage of the cyclic bond requires much more ribonuclease than is needed 
to hydrolyze the 3’,5’ internucleotidic phosphodiester links. This con- 
firms earlier work (11, 32). An ultraviolet print illustrates the formation 
of cyclic-terminal oligonucleotides containing uridine in Fig. 2. 

The cyclic-terminal nucleotides were identified as follows:* Uridine 
2’:3’-phosphate, U-cyclic-p, was identified by its Rr in Solvents 1 and 4 
(Table V), by its electrophoretic mobility at pH 3.5 and 7.2 compared with 
3’-UMP (Table III), by its hydrolysis to uridine monophosphate on treat- 
ment with 0.1 N HCl (B), and by its resistance to semen monoesterase (D) 
before treatment with 0.1 N HCl and its hydrolysis by this enzyme after 
treatment with HCl. 

The cyclic-terminal dinucleotide, UpU-cyclic-p, was also resistant to 
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semen monoesterase (D) until the 2’:3’-phosphoryl bond was ruptured 
with 0.1 N HCl, and the product of digestion with monoesterase was the 


TaBLeE IV 
Hydrolysis of U and C Polymers by Graded Amounts of Pancreatic Ribonuclease 


The incubation mixture (0.1 ml.) contained U polymer equivalent to 1.2 wmoles 
of uridine, 4 wzmoles of potassium phosphate buffer, pH 7.2, and enzyme as noted. 
Incubation was for 1 hour at 37.3°, after which the mixture was applied to Whatman 
No. 3 MM paper and immediately chromatographed in Solvent 1. Further action 
of the enzyme was halted by the high concentration of ammonia vapor in the tank. 
The reaction products were located with ultraviolet light, eluted from paper with 3 
ml. of 0.1 N HCl, and the optical density at 260 mu was measured. Appropriate 
controls were run to correct for ultraviolet-absorbing material in the paper. Sep- 
arate incubations on a larger scale were performed to isolate sufficient material for 
identification of the compounds (see the text). Conditions for C polymer were 
similar except as noted. The data are presented as per cent of the total recovered 
uracil or cytosine occurring as mononucleotide and in the form of the various poly- 
nucleotides. Recovery was approximately 95 per cent. 


— 


: Mononucleotide Cyclic-terminal polynucleotides 
Line No. Polymer 
3’ isomer Cyclic Di- Tri- Tetra- 
1 U 20.0 72 28 0 0 0 0 
2 10.0 52 48 0 0 0 0 
3 50 | 66 5 0 0 0 
4 " 20 16 76 7 0 0 0 
5 0.67 6 66 0 
6 " 0.33 4 39 ee ee 2 0 
7 0.17 2 27 | (33 34 5 0 
8 " 0.11 0 19 | 31 31 19 0 
4 | 6 14 76 
16 C* | 20.0 100 pe 0 
87 | 0 0 0 0 


* These incubations were carried out at 1°. 


dinucleoside monophosphate. This compound was hydrolyzed to UMP 
and uridine by alkali. This is indicated by the sequence below. 


(B) (D) 


UpU-cyclic-p ——> UpUp ——> UpU A), Up + U 


its 


IP 
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U-cyclic-p 


Fic. 2. Ultraviolet photographie prints of chromatograms showing the formation 
of eyelic-terminal mono- and polynucleotides by the action of pancreatic ribonuclease 
on U polymer. A, the incubation mixture (0.1 ml.) contained U polymer equivalent 
to 0.4 umole of uridine, 2 umoles of potassium phosphate buffer, pH 7.2, and enzyme 
as noted. After 3 hours at 37.3°, descending chromatography in Solvent 1 was car- 
ried out. The upper density represents 3’-UMP in every case, and the lower density 
represents uridine 2’,3’-phosphate. B, the experimental conditions were as in 
Table IV. Tube 5 contained 0.33 y of ribonuclease and Tube 6, 0.17 7 of enzyme. 
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Treatment of the cyclic dinucleotide with venom phosphodiesterase (I) 
yielded uridine 3’ ,5’-diphosphate and uridine (see Table III for Ry values 
and electrophoretic mobilities). However, venom diesterase was ineffec- 
tive when UpU-cyclic-p was first exposed to 0.1 N HCl. The enzyme is 
inhibited by the presence of a phosphomonoester group at C3’, but not 
when a 2’:3’-cyclic phosphate end group is present. 


TABLE V 
Ry Values and Electrophoretic Mobilities of Uridine Nucleotides 

The cyclic-terminal nucleotides resulted from digestion of U polymer with pan- 
creatic ribonuclease (see the text and Table IV). The table is arranged to display 
the regular progression of Rp values and electrophoretic mobilities in going from the 
cyclic-terminal mononucleotide to the cyclic-terminal tetranucleotide and also the 
changes produced by rupture of the cyclic linkage and removal of the terminal 
phosphate group. 


Rr in Solvent 1 Rr in Solvent 2 Rr in Solvent 4 
Electro- 
Compound phoretic 
tnitiat | After 01! | After | | After 0.1 | mobility* 

U-cyelic-p...........| 0.47 0.20 0.47 0.66 0.83 | 0.56 20 
UpU-eyelie-p........ . 0.24 0.13 0.28 0.49 0.62 0.46 26 
UpUpU-ceyclic-p..... 0.18 0.06 0.18 0.31 0.5u 0.30 30 
UpUpUpU-cyelic-p..., 0.05 0.03 0.10 0.22 0.34 0.23 31 
EA 0.18 0.54 22.0 
UpUpUpU.......... 0.13 0.37 27.0 


The last four compounds were derived from the corresponding cyclic-terminal 
nucleotides by hydrolysis of the 2’:3’-cyclic phosphoryl group with 0.1 nN HCI (Treat - 
ment B) followed by removal of the monoesterified phosphate group with seminal 
phosphomonoesterase (Treatment 1D). See reaction sequences in the text. 

* In cm. per 2 hours (20 volts per em., 0.05 m formate, pH 3.5). 


The cyclic-terminal trinucleotide was identified in a similar manner. 
The compound had the expected Ry in Solvent 1 (Table V) and was con- 
verted in turn to the trinucleotide, trinucleoside diphosphate, and finally 
the mononucleotide and nucleoside by treatment with 0.1 x HCl, semen 
phosphomonoesterase, and alkali, respectively, as shown in the sequence 
below. 


UpUpU-evelic-p =, UpUpUp UpUpU A), 2Up 4+ U 


As expected, the original compound, the cyclic-terminal trinucleotide, 
formed no inorganic phosphate when incubated directly with semen phos- 
phomonoesterase. The enzyme was not active until the compound had 


ues 
not 
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been treated with 0.1 nN HCl (B). Similar procedures were applied to the 
cyclic-terminal tetranucleotide, UpUpUpU-cyclic-p. 

Table V provides supplementary evidence that one is dealing with a 
homologous series of compounds. It can be seen that the Rr in Solvents 
1, 2, and 4 shows a regular progression in proceeding from uridine 2’ ,3’- 
phosphate to the cyclic-terminal tetranucleotide. Treatment with 0.1 N 
HCl (B), to break the cyclic linkage, decreases the Ry in Solvents 1 and 4, 
but increases it in Solvent 2. Again a regular progression is observed, and 


=—CpCpCpC-cyclic-p 


=—CpCpC-cyclic-p 


3'-CMP 
CpC -cyclic-p 


C-cyciic -p 


Fig. 3. Ultraviolet photographic prints of chromatograms, showing the formation 
of cyclic-terminal mono- and polynucleotides by the action of pancreatic ribonu- 
clease on C polymer. The incubation mixture (0.1 ml.) contained C polymer equiv- 
alent to 1.2 wmoles of cytidine, 4 wmoles of potassium phosphate buffer, pH 7.2, and 
1.0, 0.33, 0.17, 0.06, and 0.03 y of ribonuclease in Tubes 1 to 5, respectively. After 
1 hour at 37.3°, descending chromatography in Solvent 1 was carried out. The 
amount of each of the reaction products was determined, and the results are shown 
in Table IV (Lines 11 to 15, inclusive). 


each member of the series stays in the same position relative to the others. 
The electrophoretic mobility increases with increasing length of the poly- 
nucleotide chain, and the values become lowered by removal of the termi- 
nal phosphate group. The same regular progression is observed, with the 
increments becoming smaller in going up the series. 

Experiments with C Polymer—In general, the results with C polymer were 
quite similar to those obtained with U polymer. Alkaline hydrolysis 
gave the isomeric mixture of 3’-CMP and 2’-CMP, whereas digestion with 
snake venom phosphodiesterase yielded 5’-CMP, and exhaustive digestion 
with pancreatic ribonuclease yielded exclusively 3’-CMP (Table II). 
Spleen phosphodiesterase (12) also hydrolyzed this polymer to give only 
3’-CMP. The spleen ribonuclease preparation of Maver and Greco (13) 


| 
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yielded 3’-CMP together with a small amount of 2’-CMP.‘ _ Brief digestion 
with the spleen ribonuclease fraction formed the dinucleotide CpCp as a 
transient intermediate. It was identified as described elsewhere (28). 

The results of brief digestion with pancreatic ribonuclease are presented 
in Table IV and an ultraviolet photographic print illustrating these results 
in Fig. 3. The enzyme first catalyzed the breakdown of C polymer to a 
series of cyclic-terminal polynucleotides. Later in the course of digestion, 
cytidine 2’: 3’-phosphate was the major product, accounting for 87 per cent 
of the cytidine. The cyclic-terminal mononucleotide was converted rela- 
tively slowly to 3’-CMP. 

Investigation of I Polymer—Some of the results with this polymer have 
already been published (1, 2). Hydrolysis with alkali was reported to 
give a mixture of 2’-IMP and 3’-IMP and incubation with venom yielded 
5’-IMP (1, 2). Pancreatic ribonuclease was without effect. It has now 
been observed that hydrolysis with the two enzyme fractions from calf 
spleen yields 3’-IMP (Table II). No intermediates could be observed in 
the course of hydrolysis. Incubation with an ammonium sulfate fraction 
prepared from guinea pig liver nuclei (31) gave 5’-IMP in good yield, with 
traces of unidentified materials presumed to be polynucleotides. 


DISCUSSION 


The data presented here show that the polymers synthesized by poly- 
nucleotide phosphorylase are quite analogous in structure to RNA. Both 
consist of ribonucleoside chains which are linked by 3’ ,5’-phosphodiester 
bridges. However, whereas all natural ribonucleic acids contain a mixture 
of four bases, these new polymers contain but a single purine or pyrimidine 
base. 

The behavior of hydrolytic enzymes towards these polymers is entirely 
compatible with their specificities as determined in previous studies with 
RNA and model substrates (11, 17, 18, 21, 22, 24, 26,.28, 29, 32-35). Thus 
workers in the field are provided with a new family of substrates for future 
investigations of ribonuclease and phosphodiesterase enzymes. 

The studies with pancreatic ribonuclease reinforce the conclusions of 
Markham and Smith (11) regarding the mechanism of action by which 
this enzyme attacks a sequence of pyrimidine nucleotide residues in a 
polynucleotide chain. These workers isolated small amounts of pyrimi- 
dine-containing, cyclic-terminal, di- and trinucleotides from RNA after 


4 This preparation rapidly hydrolyzes cyclic nucleotides to give compounds with 
phosphate monoesterified at C2’. The formation of some 2’-CMP can be explained 
by assuming that the preparation contains a very small amount of an enzyme similar 
to pancreatic ribonuclease. This would hydrolyze C polymer to cytidine 2’,3’- 
phosphate which would be hydrolyzed, in turn, to give 2’-CMP. 
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brief exposure to ribonuclease. The same digest contained much larger 
amounts of the cytidine 2’ ,3’-phosphate and uridine 2’,3’-phosphate. It 
was postulated that the initial products of digestion were cyclic-terminal 
pyrimidine polynucleotides which upon further hydrolysis were converted, 
first to the cyclic-terminal mononucleotides, and finally to 3’-UMP or 
3’-CMP. Later work by Heppel, Whitfeld, and Markham (28) permitted 
an alternative hypothesis, for they observed that cyclic-terminal poly- 
nucleotides could be synthesized from cyclic-terminal mononucleotides 
by an exchange or transfer reaction. However, Kaplan and Heppel (36) 
were able to isolate cyclic-terminal pyrimidine dinucleotides from samples 
taken very early in the course of digestion of RNA by pancreatic ribonu- 
clease, before the appearance of detectable cytidine or uridine 2’:3’-phos- 
phate. The present investigation shows that most of the U and C poly- 
mers can be converted into cyclic-terminal polynucleotides before the 
appearance of very much cyclic-terminal mononucleotide, and under these 
conditions the formation of cyclic-terminal polynucleotides by an exchange 
reaction is ruled out. It is clear that ribonuclease acts on a chain of py- 
rimidine nucleotide units to release cyclic-terminal polynucleotides, which 
are for the most part further hydrolyzed to the cyclic-terminal mononucleo- 
tides, and these, finally, to the corresponding nucleoside 3’-phosphates. 
The mechanism proposed by Markham and Smith is therefore confirmed. 


SUMMARY 


1. The structure of polymers synthesized from nucleoside 5’-diphosphates 
by polynucleotide phosphorylase from Azotobacter vinelandii has been 
studied by chemical and enzymatic hydrolyses. The polymers considered 
here contain but a single base. Polymers containing adenine, hypoxan- 
thine, cytosine, or uracil have been investigated. 

2. The evidence indicates that these polymers are analogous in structure 
to ribonucleic acid, consisting of nucleoside residues linked in a chain by 
3’ ,5’-phosphodiester bridges. Hydrolysis by two fractions from spleen 
yielded nucleoside 3’-phosphates, whereas snake venom phosphodiesterase 
gave nucleoside 5’-phosphates. Treatment with alkali gave the expected 
isomeric mixture of nucleoside 3’- and 2’-phosphates. 

3. In the case of the adenylic acid, uridylic acid, and cytidylic acid 
polymers, the bulk of the material was converted by enzymatic means into 
a series of small polynucleotides whose structure was determined. 

4. Further information has been obtained on the mechanism of hydrolysis 
of pyrimidine polynucleotide chains by pancreatic ribonuclease. After 
brief digestion, almost all of the uridylic acid polymer or cytidylic acid 
polymer can be recovered as small cyclic-terminal polynucleotides whose 
size varies with the stage of digestion. 
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STUDIES ON POLYNUCLEOTIDES SYNTHESIZED BY 
POLYNUCLEOTIDE PHOSPHORYLASE 


II. STRUCTURE OF POLYMERS CONTAINING A MIXTURE OF BASES* 


By LEON A. HEPPEL, PRISCILLA J. ORTIZ, ann SEVERO OCHOA 
(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland, and the 


Department of Biochemistry, New York University College of Medicine, 
New York, New York) 


(Received for publication, February 14, 1957) 


In Paper I of this series (1) are reported the results of structural studies 
of polymers synthesized by polynucleotide phosphorylase, each containing 
but a single base. The present communication is devoted to a considera- 
tion of polymers containing more than one base. One of these, prepared 
from approximately equimolar mixtures of ADP! and UDP, consists of 
intermingled adenylic and uridylic acid units and is referred to as the AU 
polymer. The second, prepared by allowing the enzyme to react with a 
mixture of ADP, GDP, UDP, and CDP (approximate molar ratio 1:0.5: 
1:1), contains adenylic, guanylic, uridylic, and cytidylic acids; this is 
designated as the AGUC polymer. The structure of each ribopolynucleo- 
tide has been studied by chemical and enzymatic hydrolysis. Additional 
information on the AU polymer has been obtained by degradation, both 
with alkali and pancreatic ribonuclease, of a sample of AU polymer pre- 
pared from ADP labeled with P® in the two phosphate groups and un- 
labeled UDP. 

The results indicated that the AGUC polymer could not be distinguished 
from some preparations of RNA isolated from natural sources in its be- 
havior towards chemical agents and hydrolytic enzymes. The AU polymer 


* The work at New York University was aided by grants from the National Insti- 
tute of Arthritis and Metabolic Diseases (Grant A-529) and the National Cancer 
Institute (Grant C-2784) of the National Institutes of Health, United States Public 
Health Service; the American Cancer Society (recommended by the Committee on 
Growth of the National Research Council); the Rockefeller Foundation; and by a 
contract (No. N6onr279, T. O. 6) between the Office of Naval Research and New York 
University College of Medicine. 

: The same abbreviations are used as in Paper I (1), and, in addition, tris(hydroxy- 
methyl)aminomethane, Tris. The ‘‘shorthand’’ representation of small polynucleo- 
tides and cyclic-terminal nucleotides is also the same; in this paper ApUp, for exam- 
ple, is a dinucleotide with one phosphate monoesterified at C3’ of the uridine residue 
and a phosphodiester bond between C3’ of adenosine and C5’ of uridine. Rs3’-amp is 
defined as the ratio of the Rp of the compound in question to that of 3’-AMP deter- 
mined simultaneously. 
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also resembled RNA closely, although of course it contained only one 
purine and one pyrimidine base. 


EXPERIMENTAL 


Most of the experimental procedures were the same as those in Paper | 
(1) and only brief reference to them will be made here. 

Preparations—The preparation of the polymers has been described 
elsewhere (2). Biosynthesis of AU polymer containing P® is described be- 
low. The enzyme preparations used were the same as those in Paper I (1). 

ATP uniformly labeled with P® in all phosphate groups was obtained 
from the Schwarz Laboratories, Inc., Mount Vernon, New York. It 
was converted to ADP by reaction with glucose in the presence of hexo- 
kinase, essentially as described by Kalckar (3), and the ADP was isolated 
as the barium salt. A typical preparation was as follows: 427 umoles of 
P-labeled crystalline ATP (specific radioactivity, 45,330 c.p.m. per 
umole), 1250 umoles of glucose, 300 umoles of MgCle, 100 umoles of Tris 
buffer, pH 7.6, and 120 units (4) of purified yeast hexokinase? were incu- 
bated with shaking at 30° until half of the easily hydrolyzable phosphate 
had disappeared. This occurred in 40 minutes. Protein was then pre- 
cipitated with trichloroacetic acid (final concentration, 6 per cent), the 
precipitate was removed by centrifugation, washed once with a little 
water, and the washing combined with the supernatant fluid. The solu- 
tion was adjusted to pH 8.1 with ammonium hydroxide and treated with 
1.0 ml. of 25 per cent barium acetate. After standing overnight at 0°, the 


precipitate was collected by centrifugation and dissolved in a little 0.1 nN | 
HCI (yield of ADP, based on light absorption at \ 260 my, 354 umoles; | 
specific radioactivity, 40,000 c.p.m. per umole). After three precipitations | 


of the barium salt, with the solution brought each time to pH 8.5 with 
ammonium hydroxide, the specific radioactivity remained constant (31,000 
c.p.m. per umole). The yield at this stage was 85 uwmoles or 20 per cent 
of theory. This solution was used after removal of barium with sodium 
sulfate. The final ADP preparation was free from glucose 6-phosphate 


and was chromatographically pure in an ammonium isobutyrate solvent | 


system (5). 
Methods—Descending paper chromatography was used as described 


previously (1), with the same solvent systems. Paper electrophoresis | 


was also carried out as described (1). The structural study of the polymers 
consisted of forming mononucleotides and small polynucleotides by 
chemical or enzymatic hydrolysis, followed by the identification of these 
smaller units. A detailed discussion of the methods of identification and 
references to the literature are given elsewhere (1). 


2 We are indebted to Dr. E. Racker for this enzyme. 


— 
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Results 


The products of chemical and enzymatic hydrolysis of the AU and 
AGUC polymers are those which would be expected if these were ribo- 
polynucleotides comparable to RNA (6-16). 


Structure of AU Polymer 


Hydrolysis by Alkali and Phosphodiesterases—The results of hydrolysis 
by alkali, as well as by spleen or snake venom phosphodiesterase, are 
summarized in Table I. Hydrolysis was complete except in the case of 
spleen phosphodiesterase, in which it exceeded 95 per cent. Treatment 
with alkali converted AU polymer to a mixture of 3’-AMP, 2’-AMP, 
and UMP. UMP had the chromatographic behavior of the isomeric 
mixture of 2’-UMP and 3’-UMP in Solvents 1 and 4, and was not hydro- 
lyzed by 5’-nucleotidase. No effort was made to separate 2’-UMP and 
3’-UMP. Incubation with spleen fractions yielded 3’-AMP and UMP. 
Treatment with purified snake venom phosphodiesterase formed 5’-AMP 
and 5’-UMP, which were identified by their electrophoretic and chromato- 
graphic behavior (Table II) and by the results of treatment with seminal 
phosphomonoesterase. Incubation with unfractionated snake venom, 
which contains 5’-nucleotidase but no 3’-nucleotidase, gave uridine and 
adenosine. 

All of the samples of AU polymer subjected to enzymatic hydrolysis 
contained equal quantities of adenylic and uridylic acids. However, poly- 
mers have been prepared with AMP to UMP ratios of 2:1 and 10:1. 

Hydrolysis by Pancreatic Ribonuclease—Exhaustive digestion of AU 
polymer with crystalline pancreatic ribonuclease gave 3’-UMP and a 
homologous series of polynucleotides, ApUp, ApApUp, ApApApUp, 
and ApApApApUp. These products were well resolved in Solvent 4, and 
less effectively in Solvent 1. An ultraviolet photographic print of the 
products of ribonuclease digestion of AU, chromatographed in Solvent 4, 
has been previously published (17). Some preparations of AU polymer 
formed no oligonucleotides larger than the pentanucleotide after treatment 
with ribonuclease. In other cases, about 5 to 10 per cent of the nucleotide 
residues appeared in such a form, evidenced as unresolved material re- 
maining at the origin in Solvent 4. The proportions of the various end 
products of digestion for one preparation are presented in Table III 
(second column); the experiment is described in a subsequent section. 

Identification of Products of Ribonuclease Hydrolysis—The polynucleo- 
tides were identified by applying a series of specific chemical and enzymatic 
treatments. In all cases, when a reaction occurred there was complete 
conversion. The products resulting from a specific degradation were 
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separated by paper chromatography or paper electrophoresis or both. The 
values for Rz-amp and electrophoretic mobility are given in Table II. 
The dinucleotide ApUp was identified as follows. Treatment with 
human seminal plasma phosphomonoesterase yielded the dinucleoside 
monophosphate adenosine 3’-uridine 5’-phosphate (ApU). This had the 
expected electrophoretic mobility and R3-,mp in Solvents 1 and 4 (Table 
II). Incubation of ApU with alkali formed AMP and uridine in a molar 


TABLE I 


Hydrolysis Products of AU and AGUC Polynucleotides 
Formed by Alkali and by Phosphodiesterases* 


a Treatmentt Solvent No. Reaction products} 

AU Alkali (A) 2 3’-AMP (1.0), 2’-AMP (1.7), UMP (4.8) 

AU Spleen (G, I) 2 “6 (1.0), UMP§ (4.8) 

AU Venom (F) 1 5’-AMP (0.85), 5’-UMP (0.8) 

AGUC | Alkali (A) 2 3’-AMP (1.0), 2’-AMP (1.7), 3’-GMP (2.76), 


2’-GMP (3.62), UMP (4.8), 3’-CMP (48), 


2’-CMP (5.2) 

AGUC | Spleen (G, I) 2 3’-AMP (1.0), 3’-GMP (2.76), UMP§ (4.8), 
3’-CMP (4.8) 

AGUC | Venom (F) 1 5’-AMP (0.85), 5’-GMP (0.65), 5’-UMP (0.8), 


5’-CMP (0.67) 


The solvent system numbers are those used in Paper I (1). 

* Hydrolysis was complete except in the case of spleen phosphodiesterase, in 
which it exceeded 95 per cent. 

1 Letters in parentheses refer to treatments described in Paper I (1). 

t The values given in parentheses are the ratios of the Rr of the compound in 
question to that of 3’-AMP determined simultaneously; this ratio is referred to as 
R;'.amp. The Rp of 3’-AMP varies but has an average value of 0.2 in Solvent 1, 
0.13 in Solvent 2, and 0.2 in Solvent 4. 

§ Spleen enzymes form 3’-UMP from polynucleotides. However, since 3’-UMP 
and 2’-UMP were not resolved in our chromatograms, the product is listed as UMP. 


ratio of 1.1:1.0 (Fig. 1). Incubation of ApU with purified venom phos- 
phodiesterase yielded 5’-UMP and adenosine. The reaction sequences are 
shown in Fig. 2. Incubation of ApUp with spleen phosphodiesterase 
resulted in the formation of 3’-AMP and 3’-UMP; with ApU the products 
were 3’-AMP and uridine. As expected, ApUp was resistant to periodate, 
for it contains no vicinal hydroxyl groups, but, after conversion to ApU, 
treatment with periodate produced 3’-AMP and a uracil-containing ma- 
terial. Treatment of ApUp directly with purified venom diesterase was 
without effect because this enzyme is unable to hydrolyze small polynu- 
cleotides containing a phosphomonoester group at C3’. 
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The trinucleotide ApApUp was identified in the following way. Treat- 
ment with human seminal plasma phosphomonoesterase and alkali in 
succession yielded adenylic acid and uridine in a molar ratio of 2.1:1.0. 
ApApUp was not directly hydrolyzed by purified venom phosphodiesterase, 
but after removal of the 3’-phosphomonoester group it was found that 
venom diesterase formed 5’-UMP, 5’-AMP, and adenosine. ' The reaction 
sequence is shown in Fig. 3. Incubation of ApApUp with spleen phos- 


TaBLeE II 
Chromatographic Behavior and Electrophoretic Mobilities 
Source R R etic 
Compound 2’ -AMP Compound ’-AMP 
cm. cm. 
ApUp AU, AGUC | 0.51 (1) | 18.0 | Adenosine | 0.85 (2), 1.75 (4) 
ApCp AGUC 0.51 (1) | 10.0 
GpUp AGUC 0.24 (1) | 22.5 | Uridine 2.14 (4), 4.5 (2) 
GpCp AGUC 0.24 (1) | 13.5 | Cytidine | 4.5 (2), 2.02 (4) 
ApApUp_ | AU, AGUC | 0.24 (1) | 17.0 | 5’-AMP 0.85 (1), 1.98(2),, 5.7 
0.95 (4) 
ApApCp AGUC 0.24 (1) | 13.5¢ | 5’-UMP 0.8 (1), 1.2 (4) 
ApC ApCp 1.48 (1) 
ApU ApUp 1.44 (1) 
1.32 (4) 
ApApU ApApUp 0.88 (4) 
ApApApU | ApApApUp | 0.47 (4) 


Electrophoretic mobility is given in cm. per 2 hours with an applied electromotive 
force of 20 volts per cm., in 0.05 m formate buffer, pH 3.5. 

* The values given are the ratios of the Rr of the compound in question to that of 
3’-AMP determined simultaneously; this ratio is referred to as R;’.amp. The num- 
bers in parentheses are those of the solvent systems used (cf. Heppel et al. (1)). 

t ApApCp and GpCp can be separated by prolonged electrophoresis at pH 3.5, or 
by using buffer at pH 5 as recommended by Markham and Smith (14). 


phodiesterase yielded 3’-AMP and 3’-UMP. ApApUp was not oxidized 
by periodate, but treatment with phosphomonoesterase, followed by peri- 
odate, shortened the polynucleotide chain by 1 unit, giving an oxidized 
uracil-containing material and the dinucleotide ApAp. Treatment of 
ApAp with spleen phosphodiesterase yielded 3’-AMP. Other properties 
of ApAp are given in Paper I of this series (1). 

The tetranucleotide, ApApApUp, and pentanucleotide, ApApApApUp, 
were treated with human semen phosphomonoesterase and with spleen 
phosphodiesterase, giving the expected products. Both compounds, con- 
taining as they do a 3’-phosphomonoester end group, were resistant to 
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purified snake venom diesterase. Further investigation has not been 
carried out, but good confirmatory evidence that they belong to a homolo- 


Fic. 1. Alkaline hydrolysis of ApU to AMP (adenosine 2’- and 3’-monophosphate) 
and uridine. The dinucleotide, ApUp, one of the products of hydrolysis of AU poly- 
mer with pancreatic ribonuclease, was eluted from paper chromatogram (Solvent 1) 
and dephosphorylated with semen phosphomonoesterase (cf. Heppel et al. (1), Treat - 
ment D) to give the dinucleoside monophosphate ApU as the only ultraviolet-absorb- 
ing product. This band was eluted from the chromatogram (Solvent 1) and the 
eluate hydrolyzed with 0.5 N NaOH (cf. Heppel et al. (1), Treatment A). An ultra- 
violet print of the chromatogram in Solvent 1 of an aliquot of the hydrolysate is 
shown at the left. Salt effects are responsible for the retardation of experimental 
spots by comparison to markers of AMP and uridine. Elution and spectrophoto- 
metric measurement of experimental spots gave 0.19 umole of AMP and 0.17 umole of 
uridine (ratio, AMP to uridine = 1.1). Another aliquot of the NaOH hydrolysate 
was subjected to paper electrophoresis (20 volts per cm., 0.05 m formate buffer, pH 
3.8). The ultraviolet print of the ionopherogram of the experimental mixture, as 
well as of AMP and uridine markers, is shown at the right. 


gous series which includes 3’-U MP (also abbreviated as Up), ApUp, and 
ApApUp is presented in Fig. 4, in which is shown a pair of curves in which 
the extent of movement of this series of compounds in Solvents 1 and 4 
(A and B, respectively) is plotted against the number of nucleoside resi- 
dues. Each nucleotide of the series Up, ApUp, ApApUp, ApApApUp, 
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and ApApApApUp was then treated with phosphomonoesterase. This 
gave a new series U, ApU, ApApU, ApApApU, and ApApApApU. For 
these compounds the extent of migration in Solvent 1 and the electro- 
phoretic mobility have been plotted against the number of nucleoside 
residues (Fig. 4, C and D, respectively). In every case a regular progres- 
sion can be observed and the compounds remain in the same order. These 
data indicate that the family of polynucleotides were correctly identified 
as members of a homologous series. 

Hydrolysis of AU Polymer Labeled with P®—Additional information on 
the structure of the AU polymer was obtained with a polynucleotide made 
from ADP labeled with P® in both phosphate groups and non-radioactive 
UDP. The reaction mixture contained 0.12 ml. of 0.4 m Tris buffer, pH 


alkali 


> Ap(AMP) + U 


human seminal 


ApU__— i 
pvp plasma monoesterase ase 
ster 


A + pU(5’-UMP) 
Fic. 2. Scheme of degradation used in identification of ApUp 


alkali 


> 2Ap(AMP) + U 


human seminal 
ApApU 
plasma monoesterase 


purified venom A pA(5’-AMP) 
> pU(S-UMP) 


Fic. 3. Scheme of degradation used in identification of ApApUp 


8, 0.1 ml. of 0.1 Mm MgCl, 0.54 ml. of labeled ADP (66.5 umoles, 1000 
c.p.m. per umole), 0.37 ml. of UDP (62.5 umoles), and 0.03 ml. of Azoto- 
bacter polynucleotide phosphorylase of specific activity 15 with 10 mg. of 
protein per ml. The mixture was incubated with shaking at 30° for 48 
hours, with toluene present to prevent bacterial growth. After 24 hours, 
a second addition of 0.015 ml. of enzyme was made. The polymer was 
precipitated with 2 volumes of ice-cold ethanol, after the pH of the incu- 
bation mixture was adjusted to 7.0, and the mixture was allowed to stand 
at 0° for 1 hour, followed by centrifugation for 10 minutes at 13,000 x g 
and 0°. The supernatant fluid was decanted and the precipitated polymer 
dissolved in 1.5 ml. of distilled water. The polymer was again precipi- 
tated with 2 volumes of ice-cold ethanol and dissolved in water as above. 
The clear, colorless polymer solution was dialyzed at 3° against running 
0.2 m NaCl for 48 hours and then against distilled water for 48 hours. 
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The solution was lyophilized, yielding 11 mg. of AU polymer, containing 
15.7 umoles of AMP residues and 15.1 wmoles of UMP residues (molar 
ratio A to U = 1.04). Its specific radioactivity was 980 c.p.m. per umole 
of “adenosine 5’-phosphoryl” groups present. 

The polymer was dissolved in 0.9 ml. of distilled water and aliquots 
were hydrolyzed with alkali. After digestion with alkali, followed by 
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NUMBER OF NUCLEOSIDE RESIDUES 

Fic. 4. Chromatographie and electrophoretic mobilities of ribonuclease digestion 
products of AU polymer as a function of the number of nucleoside residues in the 
chain. A and B, ratio of Rp of each of the compounds of the homologous series: 3’- 
UMP (Up), ApUp, ApApUp, ApApApUp, and ApApApApUp to the Rp of 3’-UMP 
(Rump) plotted against number of nucleoside residues. A, chromatography in Sol- 
vent 1; B, chromatography in Solvent 4. C, same as A for the series U, ApU, ApApU, 
ApApApU, ApApApApU. D, electrophoretic mobility (in em. per 4 hours, 20 volts 
per cm., in 0.05 m formate buffer, pH 3.5) of the same series of compounds as in C 
plotted against number of nucleoside residues. 


paper electrophoresis at pH 3.5, the 3’- and 2’-mononucleotides were eluted 
from the paper and their specific radioactivities determined. ‘The values 
were 425 c.p.m. per umole for AMP and 518 c.p.m. per umole for UMP, 
and these are to be compared with the value of 980 c.p.m. per umole (see 
above). The degree of cross-linkage was (518/980) * 100, or 53 per cent. 
This means that 53 per cent of the adenylic acid residues were preceded 
by uridylic acid units in the polynucleotide chain. 

Further information on the structure was obtained by examination of 
the products of ribonuclease digestion. An aliquot (0.6 ml.) of the solution 
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of AU polymer was hydrolyzed with 0.9 mg. of crystalline pancreatic ri- 
bonuclease for 24 hours at 37° and the mixture was chromatographed in 


Ade- Ade- Ade- 
Uracil nine nine Uracil nine 
C C C C C 
C C C C C 
C KC F.C PW. C FAC 
C C C C C 
Ribonuclease | 
| 
Ade- Ade- Ade- 
nine nine Uracil Uracil nine 
C C C C C 
C C C C C 
C PLC C 
C C C C C 
Ade- Ade- 
Uracil nine nine Uracil Uracil 
C C C C C 
C C C C C 
C “PS_C P~.C “P._C 
C C C C C 
Ribonuclease 
Ade- Ade- Ade- 
nine nine Uracil Uracil nine 
C C C C 
C C C C 
kal 
C C 
C C C C 


Fic. 5. Scheme of degradation of P*?-labeled AU polynucleotide chains by pan- 
creatic ribonuclease. Cleavage occurs at the point indicated by arrows. Radioac- 
tivity is indicated by an asterisk. 


Solvent 4. The mononucleotide band was eluted from the paper for 
measurement of radioactivity and optical density at 260 my. The poly- 
nucleotides ApUp, ApApUp, and ApApApUp were eluted and hydrolyzed 


%y 


in 
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with alkali. The products of hydrolysis were separated by paper electro- 
phoresis at pH 3.5, eluted, and their amounts determined spectrophoto- 
metrically. In addition, the radioactivity of UMP was measured, and 
from this the specific radioactivity in the terminal phosphomonoester 
group of the polynucleotides was calculated. 

Fig. 5 illustrates how these data make it possible to determine the oc- 
currence of various nucleotide sequences. In the upper half of Fig. 5, the 
trinucleotide ApApUp is shown in the AU polymer chain as part* of a 
sequence pUpApApUpA. In this case the release of the trinucleotide (7.e. 
ApApUp) by ribonuclease, followed by alkaline hydrolysis, yields radio- 
active UMP. The sequence pUpApApUpU shown in the lower half gives 
rise to non-radioactive UMP. Thus, measurement of the specific radio- 
activity of UMP makes it possible to determine the frequency of occur- 
rence of the above two sequences. 

The results are shown in Table III. End group assays of the labeled 
AU polymer (18) indicated an average chain length of 46 nucleotide units. 
The second column of Table III shows how many of the 46 nucleotide 
units can be accounted for as Up, ApUp, ApApUp, ete. The fourth column 
shows the occurrence of the various sequences. For example, it can be 
seen that the average chain of 46 nucleotide residues contained 8.1 of these 
residues as ApUp in the sequence pUpApUpA and 7.1 residues in the form 
of ApUp in the sequence pUpApUpU. The various polynucleotides re- 
leased by pancreatic ribonuclease were followed with approximately equal 
frequency by an adenosine moiety or a uridine moiety in the AU polymer. 

Brief Digestion with Pancreatic Ribonuclease—After brief digestion of AU 
polymer with pancreatic ribonuclease, the formation of uridine 2’:3’- 
phosphate and a series of cyclic-terminal polynucleotides was detected by 
chromatography in Solvent 1 (Fig. 6). The products were eluted from 
the paper and shown to have a cyclic end group because of the decrease of 
R, after treatment with 0.1 N HCl (cf. Heppel et al. (1), Treatment B). 

Three of the compounds were identified; namely, U-cyclic-p, ApU-cyclic- 
p, and UpU-cyelic-p. Uridine 2’:3’-phosphate (U-cyclic-p) was charac- 
terized as in Paper I (1). The cyclic-terminal dinucleotides ApU-cyclic-p 
and UpU-cyclic-p appeared as a single band in Solvent 1 and were treated 
as described by Markham and Smith (14). Separation was accomplished 
by paper electrophoresis at pH 3.5. Treatment with 0.1 Nn HCl formed 
ApUp and UpUp. Further incubation with ribonuclease converted ApU- 
cyclic-p to ApUp as a stable end product, whereas UpU-cyclic-p was hy- 
drolyzed first to the cyclic mononucleotide U-cyclic-p and _ finally 


* The letters in bold-faced type represent the trinucleotide released by pancreatic 
ribonuclease. Letters outside of the block indicate the nature of the adjacent nu- 
cleoside moieties. 
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to 3’-UMP. Incubation of ApUp with alkali yielded an equimolar mixture 
of AMP and UMP, and treatment with human seminal plasma phospho- 
monoesterase gave ApU as described above. All of these substances were 
separated in Solvent 1 or by paper electrophoresis (cf. Table II). 

The pyrimidine-containing dinucleotide UpU-cyclic-p was apparently 
formed by direct cleavage of AU polymer. By this is meant that the com- 


U-cyclic-p 
MARKER 


Fic. 6. Ultraviolet print illustrating the formation of cyclic nucleotides contain- 
ing uridine, formed after brief diegstion of AU polymer with pancreatic ribonuclease. 
Experimental conditions were as in Table IV, Line 1. Ultraviolet-absorbing densi- 
ties located between the origin line and the band containing ApU-cyelic-p and UpU- 
evelic-p represent cyclic-terminal polynucleotides containing more than two nucleo- 
side residues. 


pound was not the product of a secondary condensation reaction involving 
U-cyclic-p, t.e., U-cyelic-p + U-cyclic-p UpU-cyclic-p. Such exchange 
reactions, catalyzed by pancreatic ribonuclease, have been described (19), 
but require a concentration of 0.05 mM cyclic mononucleotide to proceed to 
an appreciable extent. In Table IV are shown the concentrations of 
U-cyclic-p and UpU-cyclic-p observed after brief hydrolysis of AU poly- 


mer with ribonuclease. Incubation with ribonuclease of U-cyclic-p at_ 


concentrations of the same order of magnitude as those obtained from AU 
polymer led to no detectable formation of UpU-cyclic-p (Table IV). 


ai 
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ApU-cyclic-p 
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Hydrolysis of AGUC Polymer 


Alkaline hydrolysis yielded a mixture of the 3’ and 2’ isomers of AMP, 
GMP, UMP, and CMP. Incubation with spleen phosphodiesterase gave 
3-AMP, 3’-GMP, 3’-UMP, and 3’-CMP. Treatment with purified 
venom diesterase yielded the corresponding 5’ isomers, and hydrolysis 
with crude venom gave the four nucleosides. These results are summarized 
in Table I. 

Uridine 2’:3’-phosphate and cytidine 2’:3’-phosphate were formed 
after brief digestion with pancreatic ribonuclease. Exhaustive digestion 


TABLE IV 
Brief Digestion of AU Polymer and U-cyclic-p with Pancreatic Ribonuclease 


The reaction mixtures contained, per ml., 40 wmoles of phosphate buffer, pH 7.2, 
plus substrate and ribonuclease as indicated. After incubation for 1 hour at 37°, 
the mixture was chromatographed in Solvent 1. UpU-cyclic-p was separated from 
ApU-cyclic-p by paper electrophoresis. The compounds were eluted from the paper 
and determined spectrophotometrically from the absorption of light at \ 260 mu. 


Cyclic ——— at end of 


Substrate | Ribonuclease incubation 


Substrate concentration* | concentration 
U-cyclic-p UpU-cyclic-p 
pmoles per ml. per mi. pmoles per ml.| moles per ml. 
4.5 1.0 | 0.2 0.05 
| 4.5 3.0 | 0.3 0.1 
2.5 2.0 | 2.5 0 
5.0 | 6.5 | 5.0 0 


* Concentration of AU polymer is expressed as mononucleotide equivalents. 


yielded 3’-UMP, 3’-CMP, and a mixture of polynucleotides resistant to 
further action by the enzyme. The appearance of paper chromatograms 
developed in Solvent 1 was similar to those reported by Markham and 
Smith (14). An ultraviolet print illustrating the separation of the prod- 
ucts of ribonuclease digestion of AGUC has been published (17). Certain 
polynucleotides were separated and identified exactly as described by 
Markham and Smith (14),‘ including the dinucleotides ApUp, ApCp, 
GpUp, and GpCp and the trinucleotides ApApUp and ApApCp. These 
compounds (Table II) were found in two bands which were eluted. Paper 
electrophoresis was carried out in order to isolate the individual poly- 
nucleotides, which had the expected electrophoretic mobilities (Table IT). 


‘Some of these experiments were carried out by Dr. J. D. Smith. 
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These products were identified as follows: The compounds were hydrolyzed 
with alkali and the products submitted to paper electrophoresis at pH 3.5 
to determine the mononucleotides which were formed. In addition, ApCp 
was hydrolyzed by spleen phosphodiesterase to yield 3’-AMP and 3’-CMP 
in a molar ratio of 1.1:1.0, and ApUp was hydrolyzed in the same way to 
3’-AMP and 3’-UMP in a molar ratio of 1.2:1.0. Incubation with human 
seminal plasma phosphomonoesterase yielded ApU, ApC, GpU, GpC, 
ApApU, and ApApC. The electrophoretic mobilities and Ry values in 
Solvent 1 of some of these compounds were measured (Table II; Fig. 4). 
ApU, ApC, GpU, and GpC were oxidized with periodate, followed by in- 
cubation at pH 10.5 (cf. Heppel et al. (1), Treatment C), which formed 
3’-AMP from the first two compounds and 3’-GMP from the others. 


DISCUSSION 


The results reported in this paper confirm and extend earlier studies 
(17, 20-22) in showing that the polymers synthesized from nucleoside 
5’-diphosphates by polynucleotide phosphorylase have the structural 
features of RNA. The results of physicochemical measurements, reported 
elsewhere (17, 22), show that the compounds are as highly polymerized 
as most preparations of natural, isolated RNA. 

Every nuclease and phosphodiesterase studied so far act upon the various 
biosynthetic polymers exactly as would be expected from previous studies 
with RNA and model substrates. This fact indicates the close relation- 
ship of the biosynthetic polynucleotides to natural RNA. Since these 
polymers can be prepared with wide variation in the state of aggregation, 
the effects of molecular size on rate of enzymatic attack can now be studied. 
It may also be pointed out that from polymers containing one or two bases 
it is possible to obtain a homologous series of small polynucleotides in 
much higher yield than from RNA. The effect of chain length on chemi- 
eal and optical properties and on the rate of enzymatic attack can thus be 
more easily studied. 

More work is needed on the AGUC polymer to show that the four bases 
are actually in a single polynucleotide chain and to establish quantitative 
relationships. It would be desirable to isolate the trinucleotide ApGpUp 
and a tetranucleotide with four different bases. By use of AGUC polymer 
synthesized with P-labeled ADP, the abundance of the sequences GUA 
and GCA could be determined by isolating GpUp and GpCp from ribo- 
nuclease digests and measuring their specific radioactivity. It is worth 
noting that only small amounts of tetranucleotide with four different bases 
have been isolated from ‘natural’ RNA (15). Accordingly, there is no 
evidence at present that in the mixture called RNA the individual poly- 
nucleotide chains each have four different bases in amounts which are 
roughly of the same order of magnitude. 
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Pancreatic ribonuclease acts on the AU polymer in the same way as it 
does on RNA, but analysis of the products is simplified by the presence of 
only one purine and one pyrimidine base. Cyclic-terminal polynucleo- 
tides are formed after brief digestion of AU polymer with the enzyme. The 
evidence shows that one of these, UpU-cyclic-p, is hydrolyzed from the 
polynucleotide chain as a unit, and not resynthesized from uridine 2’:3’- 
phosphate by an exchange reaction (ef. Heppel et al. (19)). It is shown 
that insufficient U-cyclic-p occurs in these early digests for any measurable 
synthesis of UpU-cyclic-p from cyclic-terminal mononucleotides. This 
confirms other observations (1, 23), all of which support the suggestion of 
Markham and Smith (14) that pancreatic ribonuclease catalyzes the re- 
moval of cyclic-terminal polynucleotides as units from the original poly- 
nucleotide chain. 


SUMMARY 


1. Polynucleotides synthesized from mixtures of different nucleoside 
5’-diphosphates by the polynucleotide phosphorylase of Azotobacter vine- 
landii have been studied by chemical and enzymatic hydrolysis. 

2. The adenosine-uridine and the adenosine-guanosine-uridine cytidine 
containing polymers are similar in structure to ribonucleic acid, consist- 
ing of nucleoside residues linked in a chain by 3’ ,5’-phosphodiester bridges. 

3. Exhaustive digestion of the adenosine-uridine containing polymer 
with pancreatic ribonuclease gave a nucleoside 3’-phosphate (3’-UMP) 
and a series of oligonucleotides containing a uridylic acid residue with 
phosphate monoesterified at C3’ of the ribose moiety, and 1, 2, 3, or 4 
adenylic acid residues. Brief digestion with ribonuclease yielded uridine 
2’:3’-phosphate, and the uridine-containing cyclic-terminal dinucleotide, 
together with other cyclic-terminal polynucleotides. 

4. Studies with P*-labeled adenosine diphosphate suggest that adenylic 
and uridylic acid residues in the adenosine-uridine containing polymer are 
randomly interspersed. 

5. Exhaustive digestion of the adenosine-guanosine-uridine-cytidine 
containing polymer with pancreatic ribonuclease yielded the nucleoside 
3’-phosphates of uridine and cytidine and a mixture of polynucleotides, of 
which six have been identified. After brief digestion with ribonuclease, 
the products were cytidine 2’:3’-phosphate and a number of cyclic-termi- 
nal polynucleotides. All of these products are the same as have been ob- 
tained from preparations of ribonucleic acid. 
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STUDIES ON POLYNUCLEOTIDES SYNTHESIZED 
BY POLYNUCLEOTIDE PHOSPHORYLASE 


III. INTERACTION AND ULTRAVIOLET ABSORPTION * 


By ROBERT C. WARNER 


(From the Department of Biochemistry, New York University College of Medicine, 
New York, New York) 


(Received for publication, April 4, 1957) 


The discovery of polynucleotide phosphorylase has led to the availability 
of several types of polymers of ribonucleotides. Polymers of adenylic, 
uridylic, cytidylic, and inosinic acids! and several of the possible copoly- 
mers have been prepared (2). Structure studies (3, 4) have shown that 
the nucleotides are linked by 3’, 5’ diester phosphate bonds and that the 
polymers are thus similar to ribonucleic acid. Because of this similarity 
and because of the simplification of structure which results from the pres- 
ence of a single kind of nucleotide in the polymer chain, there are problems 
in nucleic acid structure and physical properties that may be illuminated 
by a study of the biosynthetic polymers. This paper deals with the spon- 
taneous interaction between poly A' and poly U with the formation of 
stable aggregates, as well as with certain features of the ultraviolet absorp- 
tion spectra of these and other polymers bearing on the problem of poly- 
nucleotide interaction. 


Methods 


The polymers used in this work were prepared as previously described 
(2),? having been furnished in the form of lyophilized sodium salts, free 
from additional electrolyte. They were dissolved in water and diluted 
with various buffers as required. 

Electrophoresis was carried out at 0° as previously described (5). Sedi- 
mentation coefficients were determined with a Spinco model FE ultracen- 
trifuge at 16—-20°. Diffusion coefficients were measured in a Gouy 
diffusiometer at 5°, this instrument having been made from a Pearson elec- 


* Aided by grants from the National Science Foundation and the Rockefeller 
Foundation. A preliminary report of this work was presented at the meeting of 
the American Society of Biological Chemists, April, 1956 (1). 

! These polymers will be referred to as poly A, poly U, poly C, and poly I, respec- 
tively. Poly AU refers to the copolymer of adenylic and uridylic acids and poly 
AGUC to that of adenylic, guanylic, uridylic, and cytidylic acids. DNA, deoxyri- 
bonucleie acid. 

? Samples of the various polymers were prepared by Miss Priscilla J. Ortiz and by 
Dr. Sanae Mii. 
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trophoresis apparatus by the addition of masking system and camera plate 
holder adapted from those described by Gosting (6). Measurements on 
the camera plates were made with a two-coordinate comparator modified 
from a toolmaker’s microscope’ which reads by vernier to 0.0001 inch. 
Ultraviolet absorption spectra were obtained with a Beckman DK-2 
recording spectrophotometer. The spectrum was first recorded between 
340 and 220 mu. The instrument was then reset to a greater sensitivity 
and the scanning was continued to a wave length of about 205 my in order 
to measure the peak near 208 muy, which is shown by most nucleotides, 
The spectrophotometric curves in Figs. 2 to 6 have been replotted on a 
linear wave length scale and an extinction scale of «(P) K 10-* (7). For 
the latter purpose, the total phosphorus was determined (8) on each stock 
solution and corrected for traces of inorganic phosphate remaining in the 
preparation. ‘The polymers were hydrolyzed to mononucleotides by being 
permitted to stand at room temperature for 18 to 24 hours in 1.0 M sodium 
hydroxide. 


Interaction of Polynucleotides 


Evidence for the interaction of poly A and poly U was first obtained by 
electrophoresis. In a glycine buffer at pH 9.6 the mobility difference 
between the two polymers is sufficient to permit their resolution in a mix- 
ture. However, electrophoresis of mixtures of equal amounts of the two 
yielded only a single boundary with a mobility intermediate between that 
of poly A and poly U (Fig. 1). Electrophoretic patterns of the copolymer 
of adenylic and uridylic acids and of yeast RNA are shown for comparison. 
A similar result was obtained when the experiment was conducted at pH 
8.5. The lack of resolution into separate boundaries clearly shows an 
interaction resulting in a species with a single electrophoretic mobility. 
The solutions used in these experiments were kept at 0° at all times to 
minimize the possibility of hydrolysis. The absence of significant hydroly- 
sis was indicated by the retention of acid precipitability and non-dialyzabil- 
ity of the polymers after completion of the experiments. 

That this interaction indeed results in the formation of an aggregate of 
increased molecular size is shown by sedimentation experiments on the 
same polymers and mixtures. Patterns from one experiment are repro- 
duced in Fig. 1. The sedimentation coefficient, s20,,, increased from 2.5 5 
for poly A and 2.2 8 for poly U to 5.3 8 for the mixture of equal amounts 
of the two. These coefficients were obtained at a total polymer concen- 
tration of 0.6 gm. per 100 ml. in each case. They increased about 30 per 
cent over the range of concentration that can be followed by refractive 
index optics. The average molecular weight of the polymer samples used 


3 Manufactured by Erb and Gray, Los Angeles, California. 
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for the experiments of Fig. 2 was about 80,000 as determined by end group 
methods. The results of a similar experiment with different polymer 
preparations are given in Table I in which approximate, average molecular 
weights have been calculated. The sedimentation coefficients in Table 
I were obtained by extrapolation to zero concentration of runs at 0.6, 0.3, 
and 0.15 gm. per 100 ml. The diffusion boundaries at concentrations of 
0.2 to 0.3 gm. per 100 ml. were symmetrical as judged by observation with 


| 


Fic. 1. Electrophoretic and sedimentation patterns of polymers and mixtures. 
A, patterns obtained in a glycine buffer, ionic strength 0.1, pH 9.6, at 0° after elec- 
trophoresis for 100 minutes at a field strength of 5 volts percm. The patterns were 
enantiographic and only the descending boundaries are shown. (1), poly A, u = 
10.7 X 10-5 em.2 volt! sec.~'; (2), poly U, u = 13.2 & 10-5; (3), poly A plus poly U, 
u = 11.1 & 10-5; (4), poly AU, u = 12.7 X 10°5; (5), yeast RNA, u = 12.3 X 10°%. B, 
sedimentation patterns obtained in a phosphate buffer, ionic strength 0.2, pH 7, at 
59,780 r.p.m. (1), poly A, 128 minutes, 2.5 8; (2), poly U, 128 minutes, 2.2 S; (3), 
poly A plus poly U, 64 minutes, 5.3 S. 


the refractive index camera, and concentration dependence of the diffusion 
coefficient has been neglected. The relative fringe deviations on the type 
of plot used by Akeley and Gosting (9) were constant over the 10 to 16 
hour observation period. The deviations indicate heterogeneity, but 
were not analyzed to determine the diffusion coefficient distribution. The 
height-area average diffusion coefficients, D,, were determined by the 
extrapolation method of Akeley and Gosting. In Table I this diffusion 
coefficient, corrected to 20°, has been combined with the sedimentation 
coefficient and an assumed partial specific volume of 0.58 ml. per gm. to 


4 Unpublished experiments of Dr. J. D. Smith. 


te 
on 
ed 
h. 
-2 
ty 
er 

(1) 
or 
(2) 
ig 
m 
(4) 
X- 
A 5) 
at 
n. 
H 
in 
y. 
LO 
of 
‘)- 
ts 
1- 
d 


714 BIOSYNTHETIC POLYNUCLEOTIDES. III 


a 
18 
7 a 
d 

Nucleotides 

14a 
12r 
E Polymer in 
<3 

x 10°" 6.4M urea 
buffer, pH 7 E 

\ 
0.1M HCl 
6L « 
4} 
2r ~~! 
220 240 260 280 


Fig. 2. Absorption spectra of poly A under various conditions and of the mono- 
nucleotides obtained by alkaline hydrolysis of the polymer. The ordinate is the 
molar extinction X 10~* based on polynucleotide phosphorus. 


ni 
TABLE I 
Molecular Weight of Samples of Poly A, Poly U, and Their Aggregate 
Polymer DA20,. | 520,w | Mol. wt. 

cm.*sec) 107 | S units of 

1.7 | 5.3 177,000 

7.4 | 2.2 17,300 

A+ poly 1.3 | 9.9 450 , 000 


* The low molecular weight of this particular sample of poly U resulted from the tl 
use for its preparation of a relatively crude enzyme which was contaminated with he 
nucleases. These are evidently similar in specificity to pancreatic ribonuclease, 
since the poly A made with the same enzyme was much higher in molecular weight. 


mp 


the 


R. C. WARNER 715 


give an average molecular weight. The value thus obtained is not properly 
a weight average value because of the different type of averages entering 
into the sedimentation and diffusion experiments. It is presented here 
as an approximate characterization of heterogeneous samples for which 
distributions have not yet been determined. 


\+—~__ nucleotides “ 
E(P) 
1075 
8 P 
6 
4 
2r 
4 A i= a a 
200 220 240 my 260 260 


Fic. 3. Absorption spectra of poly I under various conditions and of the mono- 
nucleotides obtained by alkaline hydrolysis of the polymer. 


In preparing polymer solutions at concentrations of about 0.5 per cent, 
an increase in viscosity is evident when poly A and poly U are mixed. At 
higher concentrations, stiff gels may result. Quantitative determinations 
of the viscosity changes will be reported elsewhere. 


Ultraviolet Absorption Spectra 


The ultraviolet spectra of the polymers and their mixtures reveal changes 
that parallel the direct demonstrations of interaction. Spectra of the 
homopolymers under various conditions are shown in Figs. 2 to 5. In 
each figure a comparison is made with the spectrum of the mixture of 2’- 
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and 3’-mononucleotides obtained by hydrolysis of the polymer with alkali, 
The extinction coefficients at the wave length of maximal absorption for 
the polymers and their hydrolysis products are summarized in Table II, 
The agreement of the latter values with those given in the literature for 
the 2’- and 3’-mononucleotides demonstrates the absence of other hydrolysis 
products and confirms the completeness of removal of the nucleoside di- 
phosphates remaining in the reaction mixture at the completion of the 
enzymatic synthesis. 


TABLeE II 
Extinction Coefficients 
The values are given for the polymers and for their constituent mononucleotides 
prepared by alkaline hydrolysis. The former may vary by several per cent from one 
preparation to another. 


Polymer Hydrolysate 


P) 10° at 260 my 


| | From 
| | | polymer literature 
mu | 
9.6 261 10.1 10.1 10.07 
6.3 | 271 8.9 7.7 
A-+tpoly U.......| 257 6.3 


* Extinction per mole of polynucleotide phosphorus per liter X 10°% (7). 
t 2’- and 3’-mononucleotides (10). 
t Inosine (11). 


The extinction at the wave length of maximal absorption for poly A,. 


poly C, or poly I is less than that of the constituent mononucleotides 
measured under the same conditions. Hydrolysis of these polymers thus 
results in a hyperchromic effect similar to that established for RNA and 
DNA (12). The magnitude of the optical density of the polynucleotide 
relative to the mononucleotide value varied somewhat with the polymer 
preparation. Three different poly A samples yielded 66, 67, and 70 per 
cent. In addition to the reduction in extinction there is a hypsochromic 
shift of 2 to 3 mp accompanying the formation of the polymers. 


Effect of Urea, Ionic Strength, and pH 
The polymers which show a hyperchromic effect on hydrolysis also 
show marked spectral changes with changes in ionic strength, pH, and 
urea concentration that are not seen in the mononucleotide spectra. In 
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each case the optical density is increased in the presence of 6.4 M urea, 
although not to the mononucleotide level. As compared with the curve 
obtained in water, the optical density of poly A is increased by salt although 
those of poly I and poly C are decreased. The entire change is completed 
when the ionic strength has been increased to 0.01. The pH 7 spectra in 


12- - 
Nucleotides ~., 
8 - 
€(P) 
x 1075 
Polymer in a 
6.4M urea 
water 
phosphate buffer 
220 240 260 280 
my 


Fic. 4. Absorption spectra of poly C under various conditions and of the mono- 
nucleotides obtained by alkaline hydrolysis of the polymer. 


Figs. 1 to 6 were obtained in a phosphate buffer with an ionic strength of 
0.2. 

The spectrum of poly A in 0.1 m hydrochloric acid is shown in Fig. 2. 
In contrast to the slight change in the spectrum of adenylic acid at pH 1 
as compared with pH 7, the poly A curve flattens out considerably and 
exhibits considerable absorption at 340 mu. These changes do not occur 
rapidly and after the polymer is diluted in acid the spectrum shifts slowly 
over several hours. Similar shifts were observed with poly I and poly C, 
but because of the insolubility of these polymers in acid the observations 
were limited to extremely dilute solutions and the curves have not been 
included in Figs. 1 to 6. The effect of pH has not yet been systematically 
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explored. However, notable spectral changes are evident upon shifting 
the pH from 7 to 5.5. At the latter pH the spectra are more sensitive to 
changes in ionic strength and temperature than at pH 7. 

The spectrum of poly U (Fig. 5) shows striking differences from that of 
the other polymers. The extinction at the maximum is reduced only 
slightly from that of uridylic acid and the wave length of the maximum is 
unchanged. The same curve was obtained for the polymer in water, 


220 240 mp 260 280 

Fic. 5. Absorption of poly U and of the mononucleotides obtained by alkaline 
hydrolysis of the polymer. The same absorption curve for the polymer (broken line) 


was found in water, phosphate buffer, and 6.4 M urea. 


phosphate buffer, or 6.4 M urea. A small shift in spectrum was observed 
between pH 7 and pH 1 which corresponds to a similar shift in the uridylic 
acid spectrum. 


Effect of Temperature 


Preliminary measurements of the effect of temperature on the spectra 
indicate a rise in optical density when poly A, poly C, or poly I is heated 
in phosphate buffer above 65°. Upon cooling, the optical density returns 
essentially to its initial value, although in the case of poly I it may do so 
only slowly. 
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Spectral Changes with Polynucleotide Interaction 


The spectral changes accompanying the mixing of poly A and poly U 
in phosphate buffer are shown in Fig. 6 (ef. also Table II). The calculated 
spectrum for the sum of the constituent mononucleotides for a mixture of 
poly A and poly U is shown in the upper curve. The polymers were pres- 


Nucleotides 


Polymers 
(p) 8 separately 
-3 

x10 

Mixture of 

polymers 
2r 


my 


280 


260 

Fic. 6. Absorption spectra of an equimolar mixture (phosphorus basis) of poly A 
and poly U. The upper curve refers to the mononucleotides obtained by alkaline 
hydrolysis of the mixture. The middle curve is that calculated for the sum of the 
separately measured polymer spectra. The lower curve is the measured curve for the 
mixture of polymers. 


220 240 


ent at equimolar concentrations calculated on a mononucleotide basis. 
The same curve was obtained after alkaline hydrolysis of the polymer mix- 
ture. The middle curve is the calculated spectrum for the sum of the 
contributions of the separately measured polymers, and the lower curve 
is that observed for the mixture. The extinction at the maximum for the 
mixture is thus 68 per cent of that expected on the basis of additivity and 
51 per cent of that for the constituent mononucleotides. In addition to 
the reduction in extinction, there is a hypsochromie shift of about 2 my 
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upon mixing. Similar mixture experiments were performed with all of 
the other possible pairs of polymers, but in each case the spectra were 
additive. At a concentration of 6.4 M urea a spectrum intermediate 
between the two lower curves of Fig. 6 was obtained, indicating a partial 
dissociation. Raising the temperature of a solution of the aggregate in 
phosphate buffer results in dissociation at a temperature of about 60°, as 
shown by a sharp increase in optical density. This effect is reversible 
since the density drops again upon cooling. 

The formation of stable aggregates, demonstrated directly by electro- 
phoresis and sedimentation, is, therefore, seen to be accompanied by 
changes in the ultraviolet spectra. The interaction thus involves a modi- 
fication of the properties of the bases and can be most simply accounted 
for by assuming that hydrogen bonds are formed between the adenine 
and uracil moieties in adjacent chains. Hydrogen bonds provide the 
only available forces of sufficient magnitude to overcome the considerable 
electrostatic barrier to association of the chains. Their presence is indi- 
cated by the effect of urea and temperature on the aggregates. The similar 
response of DNA to these variables, together with other evidence, has led 
to the assumption that extensive hydrogen bonding is of importance in 
maintaining the specific structure of DNA. A regular sequence of hydro- 
gen bonds between two DNA chains is a central feature of the Watson and 
Crick model (13). The base pairing involved in the poly A-poly U aggre- 
gation is equivalent to the adenine-thymine pairing assumed in the Watson 
and Crick structure, since a corresponding pair of hydrogen bonds can be 
formed in the two cases. The experiments presented here provide for the 
first time direct experimental evidence for the hypothesis that a set of 
cooperative hydrogen bonds can stabilize the interaction between two poly- 
nucleotide chains and that only specific pairs of bases will permit such 
stabilization. 

The observation of the ultraviolet spectra provides a rapid means of 
determining some of the characteristics of the interaction between poly A 
and poly U. Descriptions of a few such experiments follow. 

When an experiment similar to that shown in Fig. 6 was made in the 
absence of salt instead of in phosphate buffer, the spectrum of the mixture 
was that expected for additivity. In such a mixture, interaction accom- 


6 The action of polynucleotide phosphorylase on guanosine 5’-diphosphate leads 
to a much slower liberation of orthophosphate than is the case with other nucleoside 
diphosphates, and it stops when about 10 per cent of the maximum has been reached 
(2). From such reaction mixtures it was possible to isolate a product which had a 
different absorption spectrum from guanosine diphosphate. However, tbis product 
was obtained in much smaller yield than expected from the phosphate liberation (the 
remainder being dialyzable) and has as yet not been characterized. For this reason 
no work has so far been possible with polyguanylic acid. 
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panied by a rapid drop in optical density could be brought about by making 
the solution 10~4 M in magnesium sulfate or by increasing the ionic strength 
to 0.01 with either sodium chloride or phosphate buffer. Further increase 
in these concentrations did not produce any further change in optical 
density. 

When a mixture of poly A and poly U in water was made to an ionic 
strength of 0.002 with phosphate buffer or when the polymers were pre- 
pared separately in such a buffer and then mixed (Solution A), only a 
slight drop in optical density took place. The same final concentrations 
of polymers and salt may be achieved by mixing concentrated stock solu- 
tions of the polymers in a buffer at an ionic strength of 0.02 and then di- 
luting (Solution B). When this was done, the spectrum of aggregated 
poly A plus poly U was obtained. The optical densities of the two solutions 
were stable for several hours, but that of Solution A gradually decreased 
over several days. When the final ionic strength was 0.006, this subse- 
quent decrease was more rapid and amounted to 10 per cent in 24 hours. 
The dependence of the rate of the reaction on the ionic strength probably 
results from an energy of activation determined in part by the electro- 
static repulsive forces between chains. 

A similar experiment was performed in urea. Poly A plus poly U con- 
taining just sufficient buffer or MgSO, to permit interaction were mixed 
and urea was added to a concentration of 6.4m. <A spectrum intermediate 
between the two lower curves of Fig. 6 was obtained. However, when the 
polymers were made up separately in urea and buffer and then mixed, the 
spectrum was additive for poly A and poly U in urea; 7.e., it was above 
the middle curve of Fig. 6. The final buffer concentration in this experi- 
ment was 0.01 ionic strength or sufficiently high to permit the aggregation 
of poly A and poly U in the absence of urea. The aggregate once formed 
was thus not dissociated by urea. However, under the same conditions 
it was not formed in the presence of urea. Equilibrium was not attained 
and there was no indication under these conditions of whether equilibrium 
lies in the direction of aggregation or dissociation. 


DISCUSSION 


The possibility of interaction based on hydrogen bonding between bases 
exists in a solution of single polymers as well as in mixtures of poly A and 
poly U. Evidence for hydrogen bonding in both cases can be derived from 
the spectra obtained under various conditions. In each case a high con- 


6 Our first samples of polymers were apparently contaminated with magnesium, 
and when this experiment was performed with them, a drop in optical density was 
found upon mixing aqueous solutions. The effect of Mgt+ was first observed by 
Dr. J. D. Smith (personal communication). 
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centration of urea increased the optical density, as would be expected for 
competition with the hydrogen bonds between bases. In no case did the 
optical density rise to the mononucleotide level, although urea prevented 
interaction under conditions in which it otherwise would have taken place. 
An increase in optical density also occurs on raising the temperature. This 
may be correlated with a thermal dissociation of hydrogen bonds and in 
the case of poly A plus poly U should result in dissociation of the two poly- 
mers, although there is no direct evidence from this experiment that this 
has taken place. 

The changes in spectra at different concentrations of salt are consistent 
in most cases with the expected effect of ionic strength on electrostatic 
interaction. The spectrum in a phosphate buffer of 0.2 ionic strength 
has been taken as the basic spectrum because this ionic strength is well 
above the level at which the absorption is sensitive to ionic strength at 
pH 7. The increased extinction for poly C and poly I in the absence of 
salt and the lack of interaction of poly A and poly U under the same condi- 
tions may be attributed to electrostatic repulsion between chains or between 
parts of the same chain. This effect is screened by buffer salts and disap- 
pears at an ionic strength of 0.01. Magnesium salts are effective at a 
much lower concentration in the poly A plus poly U system probably 
because magnesium ion will form complexes with the polyelectrolyte 
chains and partially neutralize their charge. Magnesium salts show no 
effect on the spectra of the other polymers beyond that due to their contri- 
bution to the ionic strength. These changes are in the same direction as 
those produced by low ionic strength on DNA (14). The effect of ionic 
strength on poly A is anomalous in that the extinction in water is below 
that in buffer. The behavior of poly U is exceptional. The spectrum 
was unaffected by urea, ionic strength, pH, or temperature. It thus 
appears that hydrogen bonds are not formed although the necessary 
pairings are among those listed by Donohue (15). 

The chain interaction of the single polymers may be on either an inter- 
or intramolecular basis. The evidence presented here for interaction in 
solutions of homopolymers is based on comparison of the ultraviolet 
spectra with those of the constituent mononucleotides and does not permit 
a decision between these alternatives. Other physical properties which 
will reflect the varying consequences of these two possibilities are under 
investigation. 

Our evidence provides a direct demonstration of the spontaneous forma- 
tion of a stable aggregate from two kinetically independent polynucleotides 
and of the association of changes in the ultraviolet spectrum with this 
phenomenon. The aggregates that are formed bear resemblance to certain 
features of DNA. The formation of hydrogen bonds between successive 
pairs of bases along the chain may be assumed to be responsible for the 
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stability of the structure in both cases. The alterations in the spectrum 
of DNA in response to urea, pH, and temperature are largely irreversible 
(16, 17), whereas those of the poly A-poly U aggregates are reversible. 
This probably results from the fact that every apposition of a poly A chain 
and a poly U chain provides matching pairs of bases, although in DNA 
only certain specific appositions will presumably permit pairing of the 
bases. Whether the similarity in structure extends further cannot be 
decided from the present data. Rich and Davies, however, have suggested 
a DNA-like, double-stranded helical structure for extended fibers prepared 
from mixtures of poly A and poly U (18). 

Another consequence of the interaction of poly A and poly U has been 
found (19) in the reduction in the rate of phosphorolysis of the mixture. 
Poly A and poly U alone are readily phosphorolyzed by polynucleotide 
phosphorylase. ‘The mixture was phosphorolyzed at about 20 per cent 
of the rate of the separate polymers. Poly AGUC and several RNA 
preparations were also phosphorolyzed slowly. The formation of aggre- 
gates thus inhibits phosphorolysis, perhaps by making the sensitive bond 
less available to the enzyme. This effect should place a limitation on the 
reversibility of the over-all reaction when copolymers are being synthesized 
and may be an important effect in the biosynthesis of RNA. 


SUMMARY 


1. Enzymatically synthesized polyadenylic and _ polyuridylic acids 
interact spontaneously in dilute neutral salt solutions with the formation 
of a stable aggregate of higher molecular weight and lower extinction 
coefficient. The aggregate migrates electrophoretically as a single com- 
ponent with a mobility intermediate between those of its constituent 
polynucleotides. 

2. Polyadenylic, polycytidylic, and polyinosinic acids have lower 
molar extinctions in the ultraviolet region than the respective mononucleo- 
tides. Their spectra show characteristic changes with change in ionic 
strength, urea concentration, pH, and temperature. The spectrum of 
polyuridylic acid does not show these changes. 

3. The aggregation and the accompanying spectral changes are believed 
to be a result of the formation of hydrogen bonds between the purine and 
pyrimidine bases in adjacent polynucleotide chains. Hydrogen bond 
formation between bases in homopolymers may also be responsible for the 
spectral changes associated with polymerization. 
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STUDIES OF RIBOSE METABOLISM 


Il. A METHOD FOR THE STUDY OF RIBOSE SYNTHESIS IN VIVO* 
By HOWARD H. HIATT 


(From the Department of Medicine, Beth Israel Hospital, and the Harvard 
Medical School, Boston, Massachusetts) 


(Received for publication, July 16, 1957) 


Previous studies of ribose synthesis in vivo have required the isolation 
of this sugar from nucleic acids (1—4) or from pentose-containing coenzymes 
(5). The demonstration by Tabor and his associates that the administra- 
tion of histamine or imidazoleacetic acid (IAA) to rats results in the 
urinary excretion of IAA riboside (6) provides a new and considerably less 
cumbersome method for the investigation of ribose synthesis in vivo. 
In addition, this technique permits the isolation of ribose from the intact 
animal, thereby making it possible to study the effects of a variety of 
experimental conditions on pentose synthesis in the same animal. This 
communication is designed to report the details of the isolation procedure. 
In addition, data will be presented which suggest that the pentose com- 
ponents of both urinary imidazoleacetic acid riboside and visceral ribo- 
nucleic acids (RNA) are derived from a common pool. 


Methods 


Two 250 gm. male white Wistar rats were each injected intraperitoneally 
three times, at 2 hourly intervals, with 4 ml. of 0.9 per cent NaCl solution 
containing 3.3 ue. of glucose-2-C™ (approximately 2 mg.), 83 umoles of 
imidazoleacetic acid hydrochloride, and 166 umoles of NaHCO;. Urine 
was collected during the period of the injections and for the next 16 hours. 
The animals were permitted Purina chow ad libitum until the first injec- 
tion, but were offered only water during the period of urine collection. 
In order to compare the isotope patterns in the ribose moieties of both 
nucleic acid and IAA riboside, the rats were killed by decapitation at the 
close of the urine collection. The abdominal viscera were removed imme- 
diately and plunged into 100 ml. of ice-cold 10 per cent trichloroacetic 
acid. The mixture was homogenized for 1 minute in a Waring blendor, and 
RNA ribose was isolated from duplicate aliquots of the homogenate by 
procedures summarized previously (4). 

* These studies were supported by grants from the Jane Coffin Childs Memorial 
Fund for Medical Research, and from the National Cancer Institute, United States 
Public Health Service (No. CY-3151), and, in part, by an American Cancer Society 
grant to Harvard University. 
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IAA riboside was isolated from the pooled urine by a modification of 
the procedure of Tabor and Hayaishi (7). The urine and washes (volume 
100 ml.; 1.51 X 10° ¢.p.m.) were acidified to pH 3.0 with 1 N acetic acid, 
After aeration to remove CO, and adjustment of the pH to 8.0 with 1.07 
NaOH, the urine was adsorbed on Dowex 1, 100 to 200 mesh, 2 per cent 
cross-linked, acetate form (height 12 cm., diameter 3.2 cm.). The column 
was washed with water and the [AA riboside eluted with 0.2 N acetic acid, 
The eluate was collected in 20 ml. fractions. Fractions 6 to 8 contained 
the riboside (37,000 c.p.m.), which was identified by the presence of 
radioactivity and of orcinol-reacting material (8) after, but not before, 
incubation with a Lactobacillus delbruckii riboside hydrolase (7). These 
fractions were combined and lyophilized to dryness. The residue was 
dissolved in 5.0 ml. of 0.05 m citrate buffer, pH 6.0, and incubated for 3 
hours at 34° with the ammonium sulfate fraction of the riboside hydrolase 
(20 mg. of protein) used by Tabor and Hayaishi (7). After hydrolysis of 
the riboside, the solution was deproteinized with 0.4 ml. of 70 per cent 
perchloric acid. The mixture was centrifuged, and the supernatant 
solution was brought to pH 7.0 (brom thymol blue) with 1.0 ml. of 5.0 x 
KOH, and then cooled to 0° for 15 minutes. The insoluble potassium 
perchlorate was removed by centrifugation, and the supernatant solution 
was deionized by passage through a mixed bed resin (MB-3, Fisher Scientific 
Company; height 18 cm., diameter 1.0 cm.). The effluent solution was 
lyophilized to dryness and the residue taken up in 0.2 ml. of water. The 
sugar was further purified by descending chromatography on Whatman 
No. 1 paper in butanol-acetic acid-water (4:1:5) (9). The strip con- 
taining ribose was located by streaking its margin with aniline phthalate 
reagent (10), and was eluted with water. 250 umoles of non-isotopic 
p-ribose were added as carrier to duplicate aliquots of the eluate, each 
containing 40 uwmoles of ribose and 7000 c.p.m. ‘These samples were then 
degraded by techniques which were summarized in a previous paper (4), 
and which permit the isolation of each of the carbon atoms of the ribose 
molecule as BaCQ3. 

The BaCO; samples were counted at infinite thickness and all other 
radioactive material at infinite thinness. A counter with a “micromil”’ end 
window and a counting efficiency of 20 per cent was used. 

Materials—Imidazoleacetic acid hydrochloride was prepared by the 
method of Bauer and Tabor (11). Glucose-2-C' was obtained from the 
National Bureau of Standards through the courtesy of Dr. H. 8S. Isbell. 
A partial purification of L. delbruckii riboside hydrolase was carried out 
according to the procedure of Takagi and Horecker (12). (Hydrolysis of 
8-ribosidic linkages by extracts of this organism was first described by 
Kalckar (13).) 
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Results 
Of the total of 500 umoles of IAA injected into two rats, 131 umoles 


‘were recovered from the urine as the riboside. The pentose moiety of the 


IAA riboside contained 0.31 per cent of the radioactivity administered as 
glucose-2- -C4, as compared with 0.16 per cent of the pean isotope 
present in 400 umoles of isolated visceral RNA ribose. 

Isotope distribution was strikingly similar in ribose isolated from IAA 
riboside on the one hand, and from visceral RNA on the other, in each of 
two separate experiments (Table I).!. The major portion of radioactivity 
was in the first 2 carbon atoms of the ribose molecule, with more isotope in 
position 2 than in position 1. Carbon 4 was more radioactive than carbon 
atom 3 or 5. 


TABLE I[ 
Distribution of C4 in Ribose from Rats Given Glucose-2-C™ 


Per cent total ——y in ribose carbon 
Ribose source 
C-1 C-2 C-3 C-4 C-5 
l Urinary imidazoleacetic acid riboside 24 44 6 17 9 
Visceral nucleic acids 32 41 6 15 6 
2 Urinary imidazoleacetic acid riboside | 31 39 7 15 8 
Visceral nucleic acids | 24 34 12 23 7 
DISCUSSION 


Tabor and Hayaishi’s observation that rats excrete a riboside after the 
administration of imidazoleacetic acid or of histamine provides a new 
technique for the investigation of ribose metabolism. This method is 
simpler than previously employed measures for ribose isolation and obviates 
the need for killing or mutilating the animal. In addition, considerably 
more radioactivity had been incorporated into ribose obtained in this 
fashion than had entered the isolated nucleic acids. For example, in a 
typical experiment, 0.31 per cent of the administered C™ was present in 
131 umoles of ribose derived from the IAA riboside, and 0.14 per cent of 
the administered radioactivity was found in 400 umoles of visceral RNA 
ribose, a difference in specific activity of the ribose components of almost 
7-fold. In our studies the urinary imidazoleacetic acid riboside accounted 
for 33 per cent of the administered IAA. Tabor has reported that, with 


1 TAA riboside was also obtained from the urine of rats given glucose-2-C™ and 
histamine (7, 14). The pattern of radioactivity in the pentose was similar to that 
observed in ribose excreted by rats given IAA and glucose-2-C". 
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sufficiently small doses of IAA, as much as 80 per cent of the administered 
compound may be recovered in the urine as the riboside (15). 

At the present time this method is being employed to determine the 
effects of a variety of experimental conditions on the mechanism of ribose 
synthesis in the rat. Toxicity studies which are as yet incomplete suggest 
that it may be feasible to administer [AA to man, thereby permitting an 
investigation of ribose synthesis in human subjects. 

The isotope distribution in the isolated ribose is consistent with synthesis 
via both oxidative and non-oxidative steps of the pentose phosphate 
pathway (16). Ribose synthesized via the oxidative loss of carbon 1 of 
glucose-2-C'* would be labeled in its first position: 


C 

| 

| 

C* C* 

| | 

C C 

| 

7 > CO, + 7 

C C 

| | 

C—P C—P 
Glucose 6-P Pentose-P 


REACTION 1 


On the other hand, that produced by a non-oxidative transfer of the first 2 
carbon atoms of hexose phosphate to a triose phosphate acceptor, a reaction 
catalyzed by the enzyme transketolase (17, 18), would be labeled in car- 
bon atom 2: 


C 

| C 

| | 

C C C* 

| | | 

C C C C 

| | | | 

C—P C—P C—P C—P 
Fructose 6-P Triose P Tetrose P Pentose P 


REACTION 2 
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In the absence of more information concerning the possible effect of ex- 
change reactions and of ribose to hexose to ribose recycling on isotope 
distribution, quantitative conclusions concerning the relative importance 
of the oxidative and non-oxidative reactions in ribose synthesis must be 
considered tentative. The appearance of more isotope in carbon 2 than 
in position 1 of ribose, however, is consistent with the predominance of the 
non-oxidative reactions under the conditions of our study. The substantial 
radioactivity in carbon 4 of ribose suggests that triose phosphate is labeled 
in carbon 2 as a result of aldolase cleavage of hexose diphosphate-2-C", 
followed by isomerization of the trioses. The subsequent participation of 
2-labeled triose as the acceptor in the transketolase reaction (Reaction 2) 
would result in radioactivity in carbon atom 4 of ribose. 

The similarity of isotope distribution in the ribose from IAA riboside 
with that in nucleic acid ribose suggests strongly that a common pool of 
pentose is used in the synthesis of both compounds. No ready explanation 
is apparent for the discrepancy between our observations and those of 
Marks and Feigelson (19). These workers found more than 70 per cent 
of the total radioactivity in carbon 2 and none in carbon 4 of nucleic acid 
ribose isolated from the livers of fasted rats 6 hours after the administration 
of glucose-2-C"*. The isotope pattern in the ribose of our animals, however, 
is almost identical with that observed in nucleic acid ribose isolated from 
a human carcinoma cell grown in tissue culture in the presence of glucose- 


2-C™ (4). 
SUMMARY 


A method is described for the isolation of ribose from the urine of rats 
given imidazoleacetic acid. The relative ease and other advantages of 
this procedure as compared with previously employed techniques for the 
investigation of ribose synthesis in vivo are emphasized. Isotope distribu- 
tion in urinary ribose excreted by rats given glucose-2-C"™ and imidazole- 
acetic acid (IAA) is similar to that found in visceral nucleic acid ribose. 
The pattern of radioactivity is consistent with ribose synthesis via the 
pentose phosphate pathway. 


The technical assistance of Miss Arlene Guenzel, Miss Jacqueline 
Lareau, and Miss Madeline Goldstein is gratefully acknowledged. The 
generous advice and assistance of Dr. Herbert Tabor, National Institutes 
of Health, greatly facilitated the execution of this work. The use of the 
IAA riboside technique as a means of studying pentose synthesis was 
suggested by Dr. F. M. Sinex, Boston University School of Medicine. 
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PREPARATION AND ISOLATION OF FATTY ACIDS RANDOMLY 
LABELED WITH C"* 


By HELMUT K. MANGOLD ann HERMANN SCHLENK 


(From the Hormel Institute, University of Minnesota, Austin, Minnesota) 
(Received for publication, July 8, 1957) 


In recent years, several chemical syntheses of fatty acids, labeled in the 
carboxyl group with C", have been described (1). The use of randomly 
labeled fatty acids, however, appears to be desirable in studying specific 
problems of fat metabolism. Shafizadeh and Wolfrom (2) prepared labeled 
fat supplying b-glucose-6-C"™ to maturing cotton bolls. Similarly, Gibble, 
Kurtz, and Kelley (3), using tagged sodium acetate as the source of C'4, 
obtained a mixture of radioactive fatty acids from flax fruits. The in- 
dividual acids were not isolated in either case. Reinius and Turpeinen 
(4) prepared radioactive linoleic acid from Trichosporon pullulans which 
had been cultivated in carbohydrates extracted from radioactive leaves. 
The lipides were diluted with a large amount of linoleic acid, at an undeter- 
mined rate, and the subsequent isolation of the labeled acid involved 
dehalogenation of the tetrabromide, a method known to produce an 
appreciable amount of trans isomer together with the original all cis 
compound. 

This paper describes the photosynthesis of randomly labeled fat by 
Chlorella pyrenoidosa and the isolation of the individual fatty acids. Under 
certain conditions (5, 6), this alga produces lipides up to 70 per cent of 
its dry weight. Random labeling was achieved by using CO2 and CO, 
as the sole sources of carbon and radioactivity. The fat from C. pyrenot- 
dosa contained acids with 16 and 18 carbon atoms, saturated and unsatu- 
rated members being represented in both series. Therefore, fractional 
distillation of the methyl esters was employed to obtain fractions of uniform 
chain length, which then were separated by partition distribution according 
to unsaturation. The chemical structures of several of the fatty acids 
were determined. A preliminary report on part of this work has appeared 
elsewhere (7). 


EXPERIMENTAL 


Algae Culture—Stock cultures of C. pyrenoidosa (No. 7516, American 
Type Culture Collection, Washington, D. C.) were maintained in culture 
* This investigation was supported by a grant from the United Stated Atomic 


Energy Commission, contract No. AT(11-1)-235, and by the Hormel Foundation. 
Hormel Institute Pub. No. 156. 
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tubes with screw caps on a sterile agar slant medium (8). They were 
inoculated into 250 ml. of substrate, kept in 1 liter round bottomed flasks 
at room temperature under continuous illumination, and shaken in an 
atmosphere of N» containing 5 to 10 per cent CO».. The liquid culture 
medium was a solution of inorganic salts, poor in nitrogen (5), supplemented 
with micro elements and adjusted to pH 6.5 to 7.0 (8)... When good growth 
and purity of this culture had been ascertained (after about 1 week), it 
was transferred to a 24 liter round bottomed flask, which contained 5 
liters of the same sterilized substrate. The flask was mounted between 


MANOMETER No INLET FOR 
REGULATING VACUUM 


No FOR FLUSHING 


(T) 


Fic. 1. Accessory units for cultivating algae under C'4O,: J, adapter for regulating 
pressure; generators for and gas-washing train. 


two fluorescent ring bulbs of 32 watts each on a laboratory shaker and 
was closed with a sterilized ground joint vacuum adapter which served as 
a gas inlet and outlet. Care was taken to hold the temperature below 30°. 

Carbon Dioxide Supply—The culture flask was connected with inlet (/) 
(Fig. 1), evacuated by an aspirator, and flushed several times with N2. 
By regulating the flow of No, the pressure was adjusted to 45 cm. The 
connection was changed to the generators (//), which were in line to 
effect complete transfer of CO, into the flask. Sufficient gas was supplied 
from the generators to bring the pressure to 65 to 70 cm. of Hg; 7.e., slightly 
below atmospheric pressure, to prevent leakage. Once radioactive gas 
had been supplied, evacuating and flushing were accomplished through 
wash bottles (///), which contained Ba(OH). or KOH to make visible 
and absorb residual CO. Connection with (///) was made while all the 
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stopcocks were closed, and the pressure was lowered to 45 em. of Hg. 
The stopcocks were opened in sequence toward the flask, and the system 
was evacuated to the previously established pressure. After the apparatus 
was flushed with N-. through the side arm shown in (///) and evacuated 
again, it was connected with (//) to receive a new charge of COz. 

In trial runs, three weekly supplies of 0.1 mole of CO: were assimilated, 
but a fourth charge was not utilized completely. Two hot runs were made 
with 4 and 3 me. of COs, generated from commercial NazC'O3, 1 me. per 
mmole. Radioactive CO2 was given in the 2nd week of growth, when 
normal development of the culture had been observed. The total of 
cold CO, supplied to the two batches was 0.78 mole. 

Isolation of Lipides—The dark green Chlorella cultures turned a yellowish 
color during the 3rd week and were harvested after the 5th week. The 
flask was rinsed with N2 as before, and the suspension of algae was siphoned 
out. The cells from cold runs were harvested in a Sharples centrifuge. 
Those from radioactive cultures were collected on a Berkefeld filter, or by 
prolonged sedimentation in a 2 gallon glass cylinder, after addition of 1 ml. 
of toluene. In the latter case, the nearly colorless supernatant solution 
was siphoned and decanted from the algae. The wet cells were saponified 
by being refluxed for 8 hours with 4 gm. of KOH in 100 ml. of 50 per cent 
aqueous ethanol. As far as was practical, this and subsequent procedures 
were performed in an atmosphere of purified N2. The saponification 
mixture was diluted with 100 ml. of O.-free water. For the extractions, 
round bottomed flasks having two necks at an angle of 90° were converted 
into separatory funnels by fitting the necks with suitable stopcocks and 
adapters. Two flasks of this type permit extraction under N, and safe 
handling in case of leakage. The unsaponifiable fraction was extracted 
with four 100 ml. portions of peroxide-free ether. The fatty acids were 
obtained in a similar manner after the soaps were acidified with dilute 
HSO,. The ether solutions were washed to neutrality and dried over 
anhydrous Na2SO,. After evaporation in a stream of N2 and complete 
removal of solvent in vacuo, the radioactive cultures yielded 0.105 gm. 
and 0.110 gm. of unsaponifiable material. The crude acids, after de- 
colorization with charcoal in Skellysolve I, yielded 1.507 gm. and 1.322 gm. 
of colorless radioactive material. 

Composition of Acid Mixture—Paper chromatography (9) of the radio- 
active fatty acids of C. pyrenoidosa revealed five spots, besides the starting 
point, which are represented in Fig. 2 by the density curve of the radio- 
autographs. After hydrogenation of a sample, two major compounds, 
palmitic and stearic acids in a ratio 34:66, were detected. According to 
previous reports on paper chromatography of fatty acids, the five spots 
could indicate the presence of four members of different degrees of unsatura- 
tion of each of the Cys and Cs series (10). 
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Separation According to Chain Length—At the present time, no single 
method capable of isolating the individual fatty acids from such mixtures 
is known. ‘To resolve the crude fatty acids into the pure components, 
separation according to chain length had to precede separation according 
to unsaturation within each group of uniform chain length. ‘To improve 
the efficiency of the distillation, 5.26 gm. of cold acids prepared under 
identical conditions were added to 2.76 gm. of radioactive acids. After 
esterification with diazomethane, 7.82 gm. of methyl esters were distilled 
ina whirling band column (5 mm. X 60 c¢m., Podbielniak, Inc., Chicago 11, 


S P.O Po,L Pi,Ln Pin 


wv 


DENSITY 
Oo 


Fic. 2. Paper chromatography of radioactive fatty acids of C. pyrenoidosa, be- 
fore (a) and after (b) hydrogenation. Densitometer measurements were made on 
radioautographs. S = stearic, O = oleic, L = linoleic, Ln = linolenic, P = palmitic, 
Po = palmitoleic, Pl = palmitolinoleic, Pln = palmitolinolenic acids. 


Illinois), to which a modified Piros-Glover fraction collector (H.S. Martin 
and Company, Evanston, Illinois) had been adapted. The distillation was 
carried out at about 0.8 mm. pressure, and eight fractions were obtained, 
with a total weight of 6.73 gm. or 86.1 per cent of the starting material 
(Fig. 3). The residue, amounting to 0.74 gm., was obtained by extraction, 
so that the total recovery was 95 per cent. An aliquot of a few mg. of 
each fraction was analyzed by paper chromatography, before and after 
hydrogenation (10). The ratios of the components on each chromatogram 
were determined in a densitometer from radioautographs. Fraction 1 
consisted of Cy. esters possibly with traces of Cy, esters admixed. Fractions 
2, 3, and 4 proved to be pure Cj, esters. About equal amounts of Cy. and 
Cys esters were found in Fraction 5, whereas Fractions 6, 7, and 8 contained 
only esters of Cyg acids. 
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Accordingly, Fractions 2, 3, and 4 of the distillate were combined, and 
the total of 1.30 gm. of Cis methy! esters was saponified under N2 at room 
temperature (36 hours) with 1.5 gm. of KOH dissolved in a mixture of 
75 ml. of ethanol and 25 ml. of water. The soaps were acidified, and 
extraction with Skellysolve F gave 1.16 gm. (94 per cent) of fatty acids. 
Similarly, 3.98 gm. (95 per cent) of Cis acids were prepared from 4.23 gm. 
of methyl esters from the combined Fractions 6, 7, and 8. Fractions 1 and 
5 of the distillation were combined with the residue, hydrogenated, and 
distilled in a test tube. A mixture of 1.25 gm. of saturated acids (95 per 
cent) was obtained from 1.36 gm. of esters. 


i0 20 30 40 50 %DISTLLED 100 
3 4 g.DISTILLED 78 


Fic. 3. Distillation of radioactive fatty acid methyl esters from C. pyrenoidosa 


Countercurrent Separations—A 200 tube, 10 ml. per phase, automatic 
countercurrent distribution apparatus (H. O. Post, Scientific Instrument 
Company, Inc., Maspeth 78, New York) was used for the separations.' 
The system n-heptane-methanol-formamide-acetic acid (3:1:1:1) was 
used for all the experiments (11). After recovery, the individual acids 
were esterified with CH2N:2 and subjected to a final purification by alembic 
distillations. 


1 In distributing radioactive acids, the tray of the apparatus was lined with 
diaper paper, and all joints were wrapped in cotton. Although no leaking was ob- 
served, after each run the majority of the connecting clamps had to be cleaned by 
boiling in ethanol and the metal washers discarded. The outside of the glass was 
cleaned by washing successively with acetic acid, water, ethanol, and acetone. The 
glass apparatus was cleaned inside by prolonged treatment with solvents. 
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Because the total amount of Cis acids would have exceeded the resolving 
capacity of the apparatus, two runs were made with portions of 1.91 and 
2.07 gm. After 420 transfers in both experiments, the intermediate frac- 
tions (0.39 gm.) were combined and distributed again by 420 transfers. 
The total recovery from the three experiments with 3.98 gm. of acids was 
3.48 gm. of methyl esters (83 per cent). 

The hydrogenated fractions of the distillation were separated satis- 
factorily by 600 transfers. In addition to the major compounds, palmitic 
and stearic acids, a few mg. of eicosanoic acid were isolated, but no myristic 
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Fic. 4. Countercurrent distribution of Cis fatty acids. The solid line represents 
radioactive acids of C. pyrenoidosa, and the broken line, acids of menhaden oil. P = 
palmitic, Po = palmitoleic, Pl = palmitolinoleic, and Pln = palmitolinolenic acids. 


acid could be detected. The recovery from 1.25 gm. of acids was 0.996 gm. 
of methy] esters (76 per cent). 

The partition ratios (K values) of the Cy. acids are lower than those of 
the Cys acids, and 300 transfers sufficed for the separation. From 1.16 gm. 
of acids, 1.085 gm. were recovered in the form of methyl esters (89 per 
cent). Several trial runs had been made with synthetic and natural 
mixtures as well as cold Chlorella fatty acids. Fig. 4 shows the distribution 
curves of the radioactive sample and of Cy. acids obtained from menhaden 
oil. The K values are favorable enough to permit separation of five 
members of this group. The presence of hexadecatetraenoic acid in 
menhaden oil could be verified by isolation and paper chromatography, 
but a corresponding acid could not be detected in the experiments carried 
out with Chlorella fatty acids. 

The distribution curves of the radioactive materials \ere obtained by 
counting the radioactivity of 25 \ of the upper phase from every fifth tube 
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after plating and evaporating on aluminum planchets.? The individual 
substances were identified, and their purity was established at the same 
time by chromatographing 25 \ of upper phase of every fifth tube. Both 
phases of each tube were withdrawn and combined according to the distri- 
bution curves to contain one acid only. Mixed fractions of uniform chain 
length were hydrogenated to yield palmitic or stearic acid. 

Each lot, not exceeding 200 mg., was converted into the ester and distilled 
in a test tube at 120-130° and 0.5 mm. pressure. The clear, colorless 
methyl esters were dissolved in a measured amount of Skellysolve F, and 
small aliquots were evaporated and sealed in ampuls under a high vacuum. 
Treatment of the materials in separate lots took into account possible 
differences in the quality of the preparations. Each lot was analyzed for 
purity by paper chromatography. In addition, paper chromatographic 


TABLE I 
Total Yields of C'* Fatty Acid Methyl Esters 


Ci 

més. mg. mg. 

Hexadecanoate by | 514 | Octadecanoate 422 | Hexadecanoate 342 

hydrogenation 62 by hydrogena- Octadecanoate 629 

Hexadecenoate 62 tion Eicosanoate 25 
Hexadecadienoate 224 | Octadecenoate 1645 
Hexadecatrienoate 223 | Octadecadienoate| 776 
Octadecatrieno- 632 

ate 


chain length analyses were carried out (10). By these methods, less than 
1 per cent of a contaminant can be detected, and, according to these 
criteria, each ester had been obtained in pure form. Only five of the 
twenty-eight lots showed contamination higher than 3 per cent. These 
were part of the stearate contaminated with arachidate and part of the 
palmitate and linolenate which contained autoxidation products. 

The total amount of radioactive methyl esters recovered was 5.56 gm.; 
1.e., 72 per cent of the material before distillation. The individual amounts 
are specified in Table I. Another 0.05 gm. of mixed saturated acids 
resulted from the countercurrent distribution of hydrogenated fractions. 

Structure of Chlorella Fatty Acids—Although there is no doubt that the 
saturated acids of Chlorella are palmitic and stearic acids, the structure of 


2 A good approximation of the distribution curve of cold materials could be ob- 
tained by spotting aliquots on paper and using the indicator methods of lipide paper 
chromatography (9). This enables a close selection of tubes for determining the 
exact maxima and minima, gravimetrically. 
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the unsaturated acids had to be established. 


RADIOACTIVE FATTY ACIDS 


Infrared spectroscopy of 


Chlorella fatty acids, as well as of their distilled methyl esters, revealed 
no trans double bonds at 10.32 u. The ultraviolet spectra showed no 
absorption maxima between 230 and 380 muy, but after alkali isomerization, 
according to Holman and Hayes,’ the maxima characteristic of conjugated 
di- and trienoic acids appeared. 

The number of double bonds in each unsaturated acid was conclusively 
established by its iodine value or by identifying its polybromide. The 
bromides were prepared by adding Bre in Skellysolve F to solutions 
of the individual acids in the same solvent at —70°. After the solutions 


TABLE II 
Characterization of Unsaturated Fatty Acids of C. pyrenoidosa* 
per cent mina per | ‘ol 
Acid K values a, 30 Brominated cent AcOH, 30 ae 
. of acids acids maxima after 
isomerization 
Acids | Methy! Acids | Methy! 

m.p. my 
Hexadecenoic....... 1.9 0.49 | 0.24 0.51 | 0.33 
Hexadecadienoic....| 1.0 0.58 | 0.33 | 115-116° | 0.60 | 0.42 232 
Hexadecatrienoic....| 0.55 0.70 , 0.46 185-186° | 0.70 | 0.55 | 232, 268 
Octadecenoic........ 5.0 (4.9) | 0.35 | 0.13 0.38 | 0.18 
Octadecadienoic..... 2.6 (2.9) | 0.50 | 0.19 | 114-114.5°| 0.45 | 0.29 | 232 

(114-115°) (232) 
Octadecatrienoic. ...| 1.45 (1.6) 0.63 | 0.29 |(179-180°) | 0.63 | 0.37 232, 268 
(180-181°) (232, 268) 


* Literature values in parentheses. 


were warmed to room temperature, the solid bromides were filtered off. 
Tetrabromides were recrystallized from Skellysolve I, hexabromides from 
ethyl ether. The melting points of the tetra- and hexabromostearic acids 
(Table II) agree well with the accepted data for the solid bromides derived 
from linoleic and linolenic acids of vegetable origin. Reliable information 
on the polybromides of Cig acids could not be found in the literature. 
Analyses of bromine in these compounds verified the number of double 
bonds expected. The Ry, values of the three different bromostearic acids 
agreed well with those of samples obtained from oleic, linoleic, and linolenic 
acids. Authentic samples of unsaturated Cy. acids of known structures 
were not available for comparison. 

From these results (Table 11), the number of double bonds and their cis 


Holman, R. T., and Hayes, H. W., private communication. 
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configurations have been established. In addition, the ultraviolet absorp- 
tion curves after alkali isomerization indicate the presence of the methylene- 
interrupted system of double bonds, which is found most commonly in 
fatty acids from natural sources. Evidence for their position in the chains 
was obtained by ozonolysis. Amounts of around 100 mg. of cold fatty 
acids were ozonized for 5 minutes in chloroform or acetic acid-ethyl acetate 
(1:1) at +20° or —10° in a semimicroapparatus (12). The ozonides were 
decomposed and oxidized with silver oxide (13) or acetic acid-hydrogen 
peroxide (14), and resulting fragments were identified by chromatography 
on paper (15) (Table II). The results are discussed in the following 
section. 


DISCUSSION 


Since saponifications under mild conditions and esterifications with 
diazomethane were the only chemical procedures used in the preparation 
and separation of the acids, the chance for isomerization or other structural 
changes in the systems of double bonds was minimized. Neither distilla- 
tion nor countercurrent procedures changed the original structures. All 
practical precautions were taken to prevent autoxidation. Paper chroma- 
tography proved to be a sensitive test for contamination by other acids or 
autoxidation products. 

The saturated acids or their methyl esters were identical in their prop- 
erties with palmitic and stearic acids or their esters. Ozonolysis of the 
unsaturated acids having 18 carbon atoms yielded azelaic and malonic 
acids. This result, together with other data (Table II), identifies them 
as oleic, linoleic, and linolenic acids. Such comparative data are not 
available for unsaturated acids having 16 carbon atoms. There is no 
doubt about the degree of unsaturation occurring in these acids. Hexa- 
decenoic acid was found to be unsaturated in the 9, 10 position, and, there- 
with, it follows the pattern encountered with unsaturated acids having 
18 carbon atoms. This is not the case with hexadecadienoic and trienoic 
acids. Their structures, however, should not be established only by 
chromatographing the products of ozonolysis on paper. 

Previous investigators have reported the occurrence in algae fat of small 


amounts of acids having more than 18 carbon atoms (16). This has been 


confirmed here, but because the preparative procedures leading to the 
isolation of eicosanoic acid involved hydrogenation, the original form of 
this acid is uncertain. 

It is essential for the intended use of these radioactive acids that the C™ 
be randomly distributed in the molecules. When COs and CQ, are 
exclusive sources for the formation of organic material, such distribution 
can be expected. For practical reasons, CO: was supplied to the algae 
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for only a relatively short period during their growth. Still, the level of 
radioactivity per carbon unit was found to be equal in palmitic and stearic 
acids. Random distribution within the chain was established by ozonolysis 
of oleic acid. The fragments were chromatographed on paper, and their 
assay showed equal radioactivity of nonanoic and azelaic acids within 
the limits of experimental error. 

The crude fatty acids obtained from the radioactive experiments repre- 
sented a yield of 23 per cent of the total of C supplied in the form of CO, 
and C“O». They were diluted by a factor of 2.9. If complete assimilation 
of COz and random distribution of C™ are assumed, the theoretical radio- 
activity in the isolated acids is between 3.0 and 3.1 ue. per m. eq. of C, or 
approximately 55 we. per mmole of Cis acid. Measurements were made by 
wet combustion (17) and by plating BaC“O; and comparing its count with 
those of BaC"QO; preparations made in the same apparatus from commercial 
BaC"O; and Na2C"QO; of specified activities. The activity experimentally 
found in the fatty acids was 3.04 ue. per m. eq. of C, or 54.7 ue. per 
mmole per Cys acid. 


SUMMARY 


Chlorella pyrenoidosa was grown in an atmosphere of CO. and C'O,, 
The lipides of the algae were isolated and separated into a neutral and an 
acid fraction. The components of the acid fraction were separated accord- 
ing to chain lengths by distillation of the fatty acid methyl esters. Sub- 
sequently, separation according to unsaturation was afforded by counter- 
current distribution. 

The following acids were isolated from the algal lipides in the form of 
their methyl esters: palmitic, palmitoleic, palmitolinoleic, and palmitolino- 
lenic; stearic, oleic, linoleic, and linolenic. A minute amount of arachidic 
acid was isolated from a hydrogenated fraction. 


We are greatly indebted to Dr. I. D. Frantz, Jr., and Dr. N. Tuna, 
Heart Hospital, University of Minnesota, who kindly made available 
apparatus and laboratory for the countercurrent distribution experiments. 
Infrared analyses were carried out by Dr. J. R. Chipault of the Hormel 
Institute. The determination of radioactivity was carried out with Miss 
J. L. Gellerman. We wish to express our thanks for the help and coopera- 
tion received. 
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THE ENZYMATIC SYNTHESIS OF B-AMINOISOBUTYRATE., 
A PRODUCT OF VALINE METABOLISM, AND OF 
B-ALANINE, A PRODUCT OF 6-HYDROXY- 
PROPIONATE METABOLISM* 


By FLOYD P. KUPIECKI ano MINOR J. COON 


(From the Department of Biological Chemistry, Medical School, University of Michigan, 
Ann Arbor, Michigan, and the Department of Biochemistry, School of Medicine, 
University of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, July 1, 1957) 


8-Aminoisobutyriec acid was identified as a urinary constituent in 1951, 
when it was isolated from normal human urine by Crumpler ef al. (1) 
and from the urine of cancer patients and normal subjects by Fink, Hender- 
son, and Fink (2). The excretion of this amino acid by individual patients 
with neoplastic disease was reported to vary markedly and to bear some 
relationship to the neoplastic process (2). Fink and his associates (3, 4) 
subsequently made the interesting finding that BAIB' is formed in the 
metabolism of dihydrothymine and that 8-alanine is formed similarly in 
the metabolism of dihydrouracil. 

The present paper provides evidence that these amino acids also originate 
by reactions that do not involve the pyrimidines. SAIB is an end product 
of valine metabolism, as briefly reported earlier (5), and B-alanine is an 
end product of propionate metabolism in animal tissues (6).2. In previous 
papers of this series (5, 6, 8), the individual enzymatic reactions in the 
conversion of isobutyryl CoA (an intermediate in valine metabolism) to 
HIB have been described. HIB furnishes methylmalonate semialdehyde 
(Reaction 1) by the action of a DPN-dependent, highly specific dehydro- 
genase which is widespread in animal tissues and is also present in certain 
microorganisms (9). As described in the present paper, a_ reversible 
transamination catalyzed by a pig kidney enzyme preparation leads to 
the formation of BAIB according to Reaction 2 and to the formation of 
8-alanine according to Reaction 3. 

* Supported by a grant from the National Science Foundation. 

1 The following abbreviations are used: 8-aminoisobutyric acid, BAIB; coenzyme 
A, CoA; 6-hydroxyisobutyric acid, HIB; oxidized diphosphopyridine nucleotide, 
DPN; reduced diphosphopyridine nucleotide, DPNH; tris(hydroxymethy]l)amino- 
methane, Tris; p-chloromercuribenzoate, PCMB. 

? Giovanelli and Stumpf (7) have recently presented isotopic evidence for the oc- 
currence of this new pathway for propionate oxidation in peanut mitochondria. In 
their mitochondrial preparations, however, B-alanine does not accumulate, and the 
carboxyl carbon of B-hydroxypropionate is lost as carbon dioxide. 
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(1) 8-Hydroxyisobutyrate + DPNt = 
methylmalonate semialdehyde + DPNH + H+ 


(2) Methylmalonate semialdehyde + glutamate = 
8-aminoisobutyrate + a-ketoglutarate 


(3) Malonate semialdehyde + glutamate = 8-alanine + a-ketoglutarate 


In contrast to this mechanism for 8-alanine synthesis in animal tissues, 
Stadtman (10) has shown that 6-alanyl CoA is formed in Clostridium 
propionicum extracts from acrylyl CoA by the direct addition of ammonia. 
The transaminase described in the present paper has not been detected 
in extracts of various microorganisms tested. 


EXPERIMENTAL 


Synthesis of B-Aminoisobutyric labeled a- 
cyanopropionic acid was prepared according to de Hoffmann and Barbier 
(11) and Pollack (12). Potassium cyanide-C™ (1.62 gm.) was added with 
stirring to a solution of 1.50 gm. of sodium carbonate and 4.20 gm. of 
a-bromopropionic acid in 3 ml. of water. When the temperature of the 
solution had risen to about 80°, the flask was cooled to maintain the con- 
tents at 50°. After the reaction had subsided, the mixture was allowed to 
stand overnight and was then acidified in the cold with concentrated 
hydrochloric acid and extracted with ether. The crude a-cyanopropionic 
acid was freed from ether, added to a mixture of 150 mg. of platinum oxide, 
0.6 ml. of concentrated sulfuric acid, and 24 ml. of glacial acetic acid, and 
reduced in the presence of hydrogen at an initial pressure of 45 pounds. 
The catalyst was removed by filtration; acetic acid was removed by 
repeated concentration under reduced pressure after the addition of water, 
and sulfuric acid by exact neutralization with barium hydroxide. The 
resulting solution was concentrated to yield 1.88 gm. of BAIB (73 per 
cent yield based on potassium cyanide). The radioactivity of the product 
after recrystallization from 95 per cent ethanol (462,000 c.p.m. per mg. of 
carbon) was not altered by further crystallization. After paper chromatog- 
raphy, radioactivity was detectable only at the site of the single ninhydrin- 
reactive spot (Rr 0.50 in 80:20 n-propanol-5 n formic acid; Rr 0.37 in 
95 per cent methanol). The decomposition point of the product (176- 
178°, uncorrected) was not altered when it was mixed with an authentic 
sample. 


CyHygO2N. Caleulated. C 46.59, H 8.79, N 13.58 
Found. ** 46.70, 8.67, 13.58 


Radioactive Assay for BAI B-Glutamic Transaminase—The transamina- 
tion reaction was demonstrated by the conversion of BAIB-8-C" to the 
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aldehydic acid (the reverse of Reaction 2) in the presence of a-ketoglutarate 
and a suitable enzyme preparation. Incubation mixtures of the composi- 
tion described in Table I were deproteinized by the addition of 6 ml. of 


TABLE I 


Conversion of B-Aminotisobutyrate-B-C' to Methylmalonate Semialdehyde in 
Various Tissues 


Source of enzyme System ho a 

c.p.m. per mg. 
Rabbit skeletal muscle... 56 
Bislich ascites tumor..... 0 
0 
N. crassa.. “ 0 
P. fluorescens... 0 
Bakers’ yeast (Fleischmann). . 0 


The complete system contained 400 ymoles of potassium phosphate buffer, pH 7.4, 
40 umoles of a-ketoglutarate, and 40 umoles of radioactive BAIB (with 462,000 c.p.m. 
per mg. of carbon). The enzyme preparation to be tested (7 mg. of protein) was 
added, the volume was adjusted to 1.8 ml., and the mixture was incubated 45 min- 
utes at 38°. Controls were included without added a-ketoglutarate. The resulting 
radioactive methylmalonate semialdehyde was converted to propionaldehyde 2, 4- 
dinitrophenylhydrazone and counted as described in the text. Pig kidney, brain, 
liver, and heart and spinach leaf were extracted with alcohol in the presence of 0.5 m 
potassium chloride as previously described (13). Acetone powders of P. fluorescens 
and Ehrlich ascites tumor were extracted by stirring with 0.05 m potassium phos- 
phate buffer, pH 7.4, for 30 minutes at 0°. Rat kidney, rabbit skeletal muscle, and 
lyophilized preparations of 7’. pyriformis and N. crassa were homogenized with 0.05 
M potassium phosphate buffer, pH 7.4, and centrifuged to remove insoluble material. 
Yeast suspended in 0.1 m Tris buffer, pH 8.1, containing 0.001 m glutathione was 
treated in a Nossal disintegrator and centrifuged. The extracts were dialyzed over- 
night at 4° against 0.05 m potassium phosphate buffer, pH 7.4, containing 0.001 m 
L-cysteine, prior to assay. 


absolute ethanol. The protein precipitate was removed by centrifugation, 
5 mg. of non-radioactive propionaldehyde in 2 ml. of water were added 
as carrier, and the solution was adjusted to pH 3 by the addition of a 10 
per cent sulfuric acid solution. The reaction mixture was heated to boiling 
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and the distillate containing both the carrier propionaldehyde and the 
labeled propionaldehyde resulting from the decarboxylation of the semialde- 
hyde was collected below the surface of 20 ml. of a saturated solution of 
2,4-dinitrophenylhydrazine in 2 N hydrochloric acid. The propionalde- 
hyde dinitrophenylhydrazone samples were collected, dried in a vacuum 
desiccator, and transferred in chloroform solution to metal planchets for 
determination of radioactivity. The phenylhydrazones were recrystallized 
from 95 per cent ethanol until constant radioactivity was attained, and 
the counts per minute in excess of background were corrected to activities 
at zero thickness. The radioactivity of the phenylhydrazone samples in 
this assay procedure was found to be dependent upon the concentration 
of the transaminase over a limited range. 

As indicated in Table I, theconversion of labeled BAIB tolabeled methyl- 
malonate semialdehyde (measured as radioactive propionaldehyde) occurs 
in the presence of a-ketoglutarate and of a dialyzed pig kidney extract asa 
source of the transaminase. Upon omission of the enzyme from the 
reaction mixture, the resulting propionaldehyde derivative was not signifi- 
cantly radioactive, and upon omission of a-ketoglutarate the derivative 
possessed only a trace of radioactivity. 

Distribution of Transaminase—Extracts of the various tissues listed in 
Table I were tested for transaminase activity in the radioactive assay. 
In general, the enzyme is readily brought into solution by extraction with 
ethanol at low temperature in the presence of 0.5 M potassium chloride or 
by buffer extraction of either fresh tissues or acetone powders. Pig brain 
and liver, as well as kidney, and rabbit skeletal muscle apparently possess 
this enzyme, but none was detectable in heart extracts. It is of particular 
interest that the transaminase could not be detected in Tetrahymena 
pyriformis or Neurospora crassa, for these organisms contain other enzymes 
concerned in valine metabolism, notably HIB CoA deacylase (6) and 
HIB dehydrogenase (9). The pathways of valine metabolism in animal 
tissues and in microorganisms may therefore be identical in most respects 
but may differ in the mechanism by which BAIB is formed. 

Optimal pH—As judged by the radioactive assay, the transaminase Is 
active over the pH range 6.0 to 9.0, with maximal activity at about 8.1. 
pH 8.1 is also optimal in the spectrophotometric assay, employing limiting 
amounts of the transaminase in the presence of an excess of HIB dehydro- 
genase, as described below. 

Chromatographic Evidence for Reversibility of BAIB-Glutamic and B- 
Alanine-Glutamic Transamination—As shown by chromatographic identifi- 
cation of the products, Reaction 2 proceeds only in a complete reaction 
mixture containing methylmalonate semialdehyde, glutamate, and trans- 
aminase (Experiment 1, Table II). The resulting BAIB was identified 
in the usual manner by treating a paper chromatogram with ninhydrin, 
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and a-ketoglutarate by chromatography as the 2,4-dinitrophenylhydra- 
gone. The reversibility of the transamination reaction was established in 
Experiment 2, in which glutamate and methylmalonate semialdehyde 
were identified chromatographically after the incubation of BAIB and 
a-ketoglutarate with the transaminase. Since methylmalonate semialde- 


TABLE II 
Chromatographic Evidence for Reversibility of BAIB-Glutamic Transamination 
Rp values of amino acids | values of dnitrophenyt 
Experi- 
ment System 
No. Methyl mal- 
BAIB Glutamate onate semi- (a-Ketoglutarate 
aldehyde 
1 | Complete 0.58 0.25 0.66 |° 0.27 
No methylmalonate 
semialdehyde 0.24 
No glutamate 0.59 
‘* enzyme 0.24 0.59 
2 | Complete 0.54 0.21 0.58 0.23 
No BAIB 0.23 
a-ketoglutarate 0.54 
‘* enzyme 0.55 | 0.23 


In Experiment 1, the complete system contained 400 umoles of potassium phos- 
phate buffer, pH 7.4, 40 wmoles of glutamate, 40 umoles of methyl malonate semialde- 
hyde, 50 y of pyridoxal 5-phosphate, and dialyzed pig kidney alcohol extract (12 mg. 
of protein) in a final volume of 1.85 ml.; incubation, 45 minutes at 38°. In Experi- 
ment 2, the complete system was similar but contained 40 ymoles of 8AIB and a-keto- 
glutarate in place of glutamate and methylmalonate semialdehyde. The reaction 
mixtures were deproteinized with ethanol and aliquots were taken for paper chro- 
matography in 80:20 n-propanol-5 N formic acid. The papers were then sprayed 
with ninhydrin (0.2 per cent solution in water-saturated butanol) and heated for 
detection of the amino acids. Other aliquots of the deproteinized reaction mixtures 
were chilled in an ice bath, 2,4-dinitrophenylhydrazine (0.1 per cent solution in 2.N 
hydrochloric acid) was added, and the resulting dinitrophenylhydrazones were im- 
mediately extracted into chloroform and transferred to paper for chromatography 
in 70:20:10 n-butanol-0.5 M ammonium hydroxide-absolute ethanol. 


hyde readily undergoes spontaneous decarboxylation, in those experiments 
in which this compound was added or generated, propionaldehyde dinitro- 
phenylhydrazone was also detected. In the butanol-ammonia-ethanol 
solvent employed, the latter compound has an Ry of about 0.94 and is 
therefore clearly distinguishable from the dinitrophenylhydrazones of 
both a-ketoglutarate and methylmalonate semialdehyde. Similar results 
establishing the reversibility of S-alanine-glutamate transamination are 
presented in Table IIT. 

Substrate Specificity—As indicated by the chromatographic technique, 
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TABLE III 
Chromatographic Evidence for Reversibility of B-Alanine-Glutamic Transamination 
Rr values of amino acids 
System — 
B-Alanine Glutamate 
1 Complete 0.42 0.22 
No malonate semialdehyde 0.22 
glutamate 
enzyme 0.23 
2 Complete 0.43 0.22 
No £#-alanine 
a-ketoglutarate 0.42 
‘* enzyme 0.42 


In Experiment 1, the complete system contained 400 umoles of potassium phos- 
phate buffer, pH 7.8, 40 umoles of glutamate, 40 umoles of malonate semialdehyde, 
50 y of pyridoxal 5-phosphate, and a partially purified preparation of pig kidney 
transaminase (7 mg. of protein) in a final volume of 1.85 ml.; incubation, 45 minutes 
at 38°. In Experiment 2, the complete system was similar but contained 40 umoles 
of B-alanine and a-ketoglutarate in place of glutamate and malonate semialdehyde. 


TABLE IV 
Specificity of Partially Purified BAIB-Glutamic Transaminase 
Rr found Rr of amino acid formed 
Substrates tested of amino 
acid tested Expected Found 
BAIB + a-ketoglutarate....................| 0.44 0.25 (Glutamate) | 0.26 
+ a- .. 0.44 0.63 (Leucine) 
+ a-keto-f- methyivalerate.. 0.44 0.62 (Isoleucine) 
6-Alanine + a-ketoglutarate.. 0.48 0.25 (Giutamate) 0.25 
6-Aminobutyrate + a- -ketoglutarate 0.49 0.25 None 
y-Aminobutyrate + 0.25 0.27 
a,y-Diaminobutyrate + a- -ketoglutarate 0.25 None 
a,8-Diamino-s- + a-keto- 


The complete assay system contained 400 wmoles of Tris buffer, pH 8.1, 40 umoles 
of an amino acid as indicated, 40 wmoles of a keto acid as indicated, and partially 
purified pig kidney transaminase (7 mg. of protein) in a final volume of 1.85 m1.; 
incubation, 45 minutes at 38°. The reaction mixtures were submitted to paper 
chromatography in propanol-formiec acid as stated in Table IT. 


other a-keto acids appear to be ineffective in replacing a-ketoglutarate 
as an acceptor of the amino group of BAIB (Table IV). On the other hand, 
the partially purified transaminase is active when either 8-alanine or y- 


a 
i 
0 
0 
a 
4 
a 
te 
V 
a 
a 
t 
a 
e 
W 
re 
tl 
a 
b 
e 
a 
p 
b 
3 


i$ 


| 


F. P. KUPIECKI AND M. J. COON 749 


aminobutyrate (but not certain other amino acids) is substituted for BAIB 
in the reaction with a-ketoglutarate. 

Preparation of Enzyme—The following operations were carried out at 
0° unless otherwise indicated. Pig kidneys obtained promptly after death 
of the animals were packed in ice or frozen. The tissue (120 gm.) was 
minced and homogenized for about 3 minutes in 300 ml. of 0.05 m potas- 
sium phosphate buffer, pH 7.4, ina Waring blendor. The resulting suspen- 
sion was stirred mechanically for 30 minutes and centrifuged for 15 minutes 
at 13,000 r._p.m. The supernatant solution was dialyzed overnight against 
4 liters of 0.01 m phosphate buffer, pH 7.4, containing 0.001 m cysteine 
and 0.002 m magnesium chloride. 

The dialyzed extract (210 ml.) was adjusted to pH 6.0 by the addition 
of 1 M acetic acid and the resulting precipitate was removed by centrifuga- 
tion and discarded. The supernatant solution was chilled in a bath at 
—5° and absolute ethanol, previously chilled to —5°, was added to a final 
concentration of 25 per cent by volume. The solution was stirred for 20 
minutes and the precipitate removed by centrifugation at —5° and dis- 
carded. Additional ethanol, previously chilled to —5°, was added to the 
supernatant solution to a concentration of 50 volumes per cent, and the 
mixture was stirred for 20 minutes at —5° and centrifuged at the same 
temperature. The resulting precipitate was dissolved in a minimal 
volume of 0.1 m phosphate buffer, pH 7.4, and dialyzed as described 
above. 

The solution was adjusted to pH 5.5 by the addition of 1 m acetic acid 
and the resulting precipitate was discarded. Ethanol was added under 
the conditions indicated above to a concentration of 15 volumes per cent 
and the resulting precipitate was discarded. The further addition of 
ethanol to a concentration of 50 volumes per cent yielded a precipitate 
which was dissolved and dialyzed as above. The resulting clear, faintly 
reddish solution contained the transaminase purified about 10-fold over 
the initial dialyzed extract, as judged by the spectrophotometric assay. 
The enzyme was found to be stable to storage in the frozen state. 

Spectrophotometric Assay for BAI B-Glutamic Transaminase—The trans- 
aminase was assayed by the conversion of BAIB to methylmalonate 
semialdehyde (reversal of Reaction 2) and reduction of the latter compound 
by DPNH to give HIB (reversal of Reaction 1). In the presence of an 
excess of HIB dehydrogenase the rate of DPNH oxidation, determined 
spectrophotometrically by the decrease in absorption at 340 mu, served 
as an indication of transaminase activity. In addition to the transaminase 
preparation to be tested, the assay system contained 400 umoles of Tris 
buffer, pH 8.1, 0.35 umole of DPNH, 0.2 umole of pyridoxal 5-phosphate, 
3.5 umoles of a-ketoglutarate, 90 umoles of BAIB, and HIB dehydrogenase 
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free from transaminase (1.5 mg. of protein) in a cuvette in a total volume 
of 3.0 ml. @AIB was omitted from the control cell. The rate of DPNH 
oxidation after the final addition of a-ketoglutarate was found to be con- 
stant for several minutes and linear over at least a 4-fold range of enzyme 
concentration (Fig. 1). 

Requirement for Components of Spectrophotometric Assay System—As 


oO 


d= 340 


-A OPTICAL DENSITY PER MINUTE 


OPTICAL DENSITY 
hz 340 


0.025} 
.04 
1 2 3 4 0 i 
AMOUNT OF TRANSAMINASE PREPARATION 0 2 4 12 14 16 18 2 
ADDED (MG. OF PROTEIN) MINUTES 
Fia. 1 2 


Fic. 1. DPNH oxidation as a function of transaminase concentration. The spec- 
trophotometric assay described in the text was employed with an excess of HIB de- 
hydrogenase and varying amounts of partially purified BAIB-glutamic transaminase 
from pig kidney. 

Fig. 2. Effect of PCMB on the enzymes in the spectrophotometric assay system 
for 8AIB-glutamic transaminase. Curve A represents the rate of DPNH oxidation 
in the assay system described in the text employing partially purified transaminase 
(1 mg. of protein), but without added HIB dehydrogenase. Curve B indicates no 
inhibition when the same system was incubated for 30 minutes at 25° with 1.5 K 10-° 
mM PCMB before the addition of DPNH and a-ketoglutarate. Curve C indicates ex- 
tensive inhibition in a similar experiment with 4.5 X 10°°m PCMB. Curve D indi- 
cates complete inhibition with 1.5 K 10-' m PCMB; the addition of HIB dehydro- 
genase (1.5 mg. of protein) at Arrow 1 was without effect, but upon the addition of 
transaminase (1 mg. of protein) at Arrow 2 DPNH oxidation was observed. 


would be expected, upon the omission of a-ketoglutarate, BAIB, or transam- 
inase from the complete assay system, there was no measurable rate of 
DPNH oxidation. On the other hand, upon the omission of added de- 
hydrogenase the rate was found to be the same as in the complete system. 
This is accounted for by the presence of the dehydrogenase in the partially 
purified transaminase preparation, as shown by direct assay (9), according 
to Reaction 1. 

Pyridoxal 5-phosphate was included in some of the incubation mixtures 
described above as a precautionary measure, but there is as yet no clear 
indication that this cofactor plays a role in 8 transamination. In order 
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to demonstrate the dehydrogenase requirement in the assay system it was 
necessary to carry out studies employing PCMB as an inhibitor. The 
results presented in Fig. 2 indicate the inhibitory effect when various 
concentrations of this reagent were incubated with the partially purified 
transaminase in the absence of added HIB dehydrogenase (Curves A, B, 
and C). At the minimal level of inhibitor adequate to inactivate the 
system completely (1.5 X 10-5 m), the addition of dehydrogenase alone 
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.06 
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246 8 -KETOGLUTARATE BAIB 

MINUTES SUBSTRATE CONCENTRATION (MOLARITY) 

Fic. 3 Fia. 4 


Fic. 3. Demonstration of HIB dehydrogenase requirement in the spectrophoto- 
metric transaminase assay. The complete assay system described in the text, 
including a-ketoglutarate, BAIB, and partially purified transaminase (1 mg. of pro- 
tein), but without added DPNH or HIB dehydrogenase, was incubated for 18 min- 
utes at 25° to permit the accumulation of methyl malonate semialdehyde. PCMB 
was then added at a concentration of 1.5 X 10-5 m and the incubation was continued 
for an additional 30 minutes to inactivate the transaminase and dehydrogenase pres- 
ent. DPNH (0.35 umole) was then added, but, as shown in the curve, no reaction 
occurred until the further addition (at the arrow) of HIB dehydrogenase (1.5 mg. of 
protein). 

Fic. 4. BAIB-glutamic transaminase activity as a function of BAIB and a-keto- 
glutarate concentrations. The spectrophotometric assay described in the text was 
employed, with 0.03 m BAIB and varying concentrations of a-ketoglutarate (Curve 
A), or with 1.2 X 10-3 M a-ketoglutarate and varying concentrations of BAIB (Curve 


B). 


(at Arrow 1, Curve D) was without effect, but the further addition of 
transaminase (at Arrow 2) restored full activity. From these observations 
it is evident that the transaminase is completely inactivated by the inhibitor 
at the concentration employed. Advantage was taken of these findings 
to establish the requirement for the dehydrogenase in the assay system 
(Fig. 3). The complete assay system described in the text, including 
partially purified transaminase, but without added HIB dehydrogenase 
or DPNH, was incubated to permit the formation of methylmalonate 
semialdehyde. PCMB (1.5 X 10-5 M) was then added and the incubation 
was continued for an additional 30 minutes. As shown by the curve, no 
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reaction occurred with added DPNH until the subsequent addition of 
HIB dehydrogenase. These experiments therefore indicate that preincuba- 
tion with 1.5 X 10-> m PCMB inactivates the dehydrogenase as well as 
the transaminase in the enzyme preparation and establish that both 
enzymes are needed in the spectrophotometric assay. Additional experi- 
ments have shown that preincubation with BAIB, a-ketoglutarate, or 
pyridoxal 5-phosphate before the addition of PCMB fails to protect the 
enzyme against the action of this sulfhydryl-binding reagent. 

The activity of SAIB-glutamic transaminase as a function of BAIB 
and a-ketoglutarate concentrations is shown in Fig. 4. It is evident that 
the spectrophotometric procedure outlined could be employed to assay the 
concentration of 8AIB in biological fluids. 


DISCUSSION 


The results presented clearly establish a requirement for a-ketoglutarate 
in the enzymatic loss of the amino group of BAIB. The demonstration 
that the loss of the amino group is accompanied by the formation of both 
glutamate and methylmalonate semialdehyde and the finding that this 
reaction is readily reversible leave little doubt that a transamination occurs 
as written in Reaction 2. Since methylmalonate semialdehyde has been 
established as an intermediate in valine metabolism (8, 9), it is apparent 
that this amino acid serves in animal tissues as a precursor of BAIB. 
Although thymine is also recognized as a source of BAIB (3, 4), there is 
at the present time no evidence of common intermediates, other than 
BAIB, in valine and pyrimidine metabolism. 

The observation by du Vigneaud and his associates (14, 15) that both 
carnosine and §-aspartylhistidine could support the growth of animals on 
a histidine-free diet suggested a metabolic relationship between aspartate 
and #-alanine. More recent investigations by Schenck (16) and by 
Martignoni and Winnick (17), however, have provided no evidence for the 
a-decarboxylation of aspartate or its derivatives in animal tissues. Recent 
enzymatic studies in our laboratory have led to the proposal that pro- 
pionate is a precursor of the carbon chain of 6-alanine by the following 
B-oxidative pathway (6): 


CO—SCoA CO—SCoA 
CH, —> i 
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CO,- 
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As mentioned above, isotopic evidence for the occurrence of this pathway 
for propionate oxidation in peanut mitochondria has recently been pre- 
sented by Giovanelli and Stumpf (7), but B-alanine does not accumulate 
in their plant mitochondrial preparations. Although dihydrouracil is an 
alternative source of the carbon chain of B-alanine (3, 4, 18), the relative 
contribution of the two pathways to the synthesis of this-amino acid in 
intact animals remains to be established. 

The reversibility of the reaction by which malonate semialdehyde is 
converted to B-alanine may account for the rapid loss of the amino group 
of B-alanine in animal tissues, as described by Graff and Hoberman (19) 
and by Sorvachev (20). Roberts and Bregoff (21) have reported that 
mouse brain and liver residues and acetone powders catalyze the conversion 
of a-ketoglutarate to glutamate in the presence of 8-alanine or y-amino- 
butyrate, thereby providing the first evidence for the loss of the amino 
group of B-alanine by transamination. 


Methods 


The protein concentration of the enzyme solutions was determined 
spectrophotometrically by light absorption at 280 and 260 my with a 
correction for the nucleic acid content (22). HIB dehydrogenase was 
prepared as described in a previous publication (9). dl-@AIB was synthe- 
sized by hydrogenation of a-cyanopropionic acid or obtained commercially, 
methylmalonate semialdehyde was made by hydrolysis of the corre- 
sponding ethyl ester diethyl acetal (8), and malonate semialdehyde was made 
similarly from a preparation of malonaldehydic acid ethyl ester diethyl 
acetal furnished by Dr. W. G. Robinson. DPNH and pyridoxal 5- 
phosphate were commercial products. 

Pig kidney tissue was generously donated by the Peters Sausage Com- 
pany of Ann Arbor. A culture of Pseudomonas fluorescens was kindly 
furnished by Dr. W. G. Robinson, lyophilized 7. pyriformis by Dr. J. F. 
Hogg, and lyophilized N. crassa by Dr. H. J. Blumenthal. 


The authors wish to acknowledge the technical assistance of Mrs. Eva 
J. McKenna. 
SUMMARY 


1. An enzyme which catalyzes the following reversible transamination 
reactions has been partially purified from pig kidney extracts: 


(a) 8-Aminoisobutyrate + a-ketoglutarate — 
methylmalonate semialdehyde + glutamate 


(6)  g-Alanine + a-ketoglutarate malonate semialdehyde + glutamate 
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The coupling of Reaction a with Reaction c 


(c) Methylmalonate semialdehyde + DPNH + Ht — 
8-hydroxyisobutyrate + DPN+t 


in the presence of 6-hydroxyisobutyric dehydrogenase provides a sensitive 
spectrophotometric assay for the transaminase. 

2. The transaminase is present in extracts of brain, liver, and skeletal 
muscle, but has not been detected in extracts of heart, spinach, or various 
microorganisms. 

3. The results obtained indicate that valine is a precursor of B-amino- 
isobutyric acid and propionate a precursor of B-alanine in animal tissues. 
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Soon after succinic dehydrogenase had been obtained as a soluble en- 
zyme from animal tissues, it became apparent that phenazine methosulfate 
was the electron carrier of choice in its assay (1). Cytochrome e¢ and 
artificial acceptors, such as methylene blue, brilliant cresyl blue, and 2,6- 
dichlorophenol-indophenol, could not effectively replace phenazine metho- 
sulfate but, under suitable conditions, the activity with ferricyanide as an 
acceptor was 40 per cent as much as with phenazine methosulfate. These 
results were in contrast to the behavior of particulate preparations of the 
enzyme, which have long been known to utilize a variety of electron car- 
riers in the oxidation of succinate. Even in particulate preparations, 
however, the rate of oxidation of succinate depends markedly upon the 
nature and concentration of the electron acceptor employed. ‘Thus, as 
compared with phenazine methosulfate, which is the best acceptor found 
so far for particulate or soluble preparations, dyes like brilliant cresyl 
blue and methylene blue react only 5 to 20 per cent as fast in preparations 
of the succinic oxidase system from beef heart, even when extrapolation 
is made to infinite concentration of the acceptor (2). 

Although the soluble, highly purified dehydrogenase from beef heart 
(3) shows a considerably greater selectivity toward electron carriers than 
preparations of the succinic oxidase system, the purified enzyme reacts at 
measurable rates with a variety of acceptors. Misquotations and mis- 
interpretations of earlier reports from this laboratory (1, 4) have led to 
the incorrect impression that the purified enzyme has an essentially ab- 
solute specificity for phenazine methosulfase (5-8) or that several purified 
succinic dehydrogenases may be obtained from the same tissue, some of 


* These studies were aided by grants from the National Heart Institute, National 
Institutes of Health, United States Public Health Service, and the American Heart 
Association, and by a contract between the Office of Naval Research, Department 
of the Navy, and the Edsel B. Ford Institute for Medical Research, No. Nonr-1656- 
(00). 

t Present address, Department of Biochemistry, University of Sheffield, Sheffield, 
England. 

t Established Investigator of the American Heart Association. 
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which react only with phenazine dyes, some also with ferricyanide (6). 
Knowledge of the reactivities of the dehydrogenase is also desirable for a 
detailed analysis of electron transport in the succinic oxidase system. It 
seemed advisable, therefore, to delineate the rates of reaction of a variety 
of electron carriers with the soluble, purified enzyme in both the oxidation 
of succinate and the reduction of fumarate. 


EXPERIMENTAL 


Materials—Succinic dehydrogenase was prepared from beef heart by 
the method of Singer et al. (3) and varied in purity in the studies reported 
here from 50 to 80 per cent. Phenazine methosulfate was prepared by a 
modification (9) of the method of Dickens and MclIlwain (10). Phenazine 
ethosulfate was synthesized by the same method, diethyl] sulfate being 
substituted for dimethyl] sulfate. Leucodiethylsafranin was prepared from 
Janus Green B by the method already described (11). FAD,' FMN, 
DPN, and DPNH were products of the Sigma Chemical Company, ben- 
zylviologen and brilliant cresyl blue of The British Drug Houses, Ltd., 
2 ,6-dichlorophenol-indophenol of the Fisher Scientific Company, and 
pyocyanine chloride of Hoffmann-La Roche, Inc. 2-Hydroxynaphtho- 
quinone and phenazine a-carboxylic acid were the generous gifts of Dr. H. 
Beinert and Professor A. Kluyver, respectively. 

Assay Methods—Except where specifically mentioned, the extrapolated 
maximal velocity (¥max) at infinite carrier concentration was determined. 
The manometric phenazine methosulfate (4) and spectrophotometric leu- 
codiethylsafranin and FMN Hz assays (11) have been described elsewhere. 
Ferricyanide, dichlorophenol-indophenol, and cytochrome c reduction were 
followed spectrophotometrically at suitable wave lengths under aerobic 
conditions (9). The reduction of methylene blue, brilliant cresyl blue, and 
pyocyanine, and the oxidation of leucopyocyanine and leucophenazine 
methosulfate were followed spectrophotometrically in anaerobic cells after 
several cycles of evacuation and flushing with nitrogen free from oxygen. 
The leuco dyes were produced by anaerobic reaction with equimolar 
amounts of DPNH.? In all of the anaerobic assay methods it was found 
more convenient and less conducive to non-enzymatic oxidation of the 
reduced dyes to carry out the estimations under reduced pressure. The 
reduction of fumarate by reduced benzylviologen was followed by the 


1 The following abbreviations are used: FMN, flavin mononucleotide; FMNH2, 
reduced FMN; FAD, flavin adenine dinucleotide; FADH:, reduced FAD; DPN, 
diphosphopyridine nucleotide; DPNH, reduced DPN. For the sake of convenience 
the term ‘‘carrier’’ has been used to denote either an electron acceptor or donor. 

2 Hydrosulfite is unsatisfactory for reduction of pyocyanine and phenazine metho- 
sulfate; it appears to cause chemical changes. 
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manometric method of Peck, Smith, and Gest? (9), He uptake being meas- 
ured in the presence of excess hydrogenase. This method has also been 
used with FMNH, and leucopyocyanine; the same maximal velocities 
were obtained with the spectrophotometric and manometric methods. All 
experiments, except those shown in Fig. 1, were carried out at 25° in 0.05 
M phosphate, pH 7.6, after a preliminary incubation to insure activation 
of succinic dehydrogenase (12). 


0.06 


0.04 


0.02 


2 


Fic. 1. Comparison of the reactivity of succinic dehydrogenase with phenazine 
methosulfate (O) and phenazine ethosulfate (X). Standard manometric assay at 
38°. 


Results 


Importance of Determining Rates at Different Electron Carrier Concen- 
trations—The initial velocity has been found to depend markedly on the 
concentration of the carrier with most of the electron donors and acceptors 
used in this tudy. Thus it is essential to determine the maximal initial 
velocity at infinite concentration of the carrier by extrapolation from ex- 
perimental data, if comparison is to be made of the reactivities of the en- 
zyme with various carriers. For example, the observed rate at any finite 
concentration may differ with two carriers but the maximal velocity may 
be nonetheless the same. This is illustrated in Fig. 1 for the oxidation of 


3 Peck, H. D., Jr., Smith, O. H., and Gest, H., to be published. 


)). 
a 
It 
ty 
ry 
4 0.08 
a 
1e 
& 
d 
)- 
d 
1. 
_ 
e 
d 
r 
l. 
d 
e 
e 
e 
e 


758 ELECTRON CARRIER SPECIFICITY 


succinate with phenazine methosulfate and ethosulfate as acceptors. The 
importance of the measurement of reaction rates by extrapolation to in- 
finite concentration of the carrier is further evident when dyes of limited 
solubility are employed, as is the case with pyocyanine, in which the rate 
in the presence of saturated solutions of the carrier is far below the maximal 
velocity. In other instances the carrier may be inhibitory at an arbitrarily 
chosen concentration, as illustrated for leucobenzylviologen in Fig. 2. 
Similar inhibitions at high concentrations of the carrier have been observed 
with leucophenazine methosulfate and, to a much lesser extent, with phen- 
azine methosulfate. Lastly, as already reported (11), the variation of the 


° 


Or 
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Fic. 2. Saturation curve with reduced benzylviologen. Conditions: coupled 
manometric hydrogenase assay (6) at 25°. 


observed velocity with the concentration of the carrier may change mark- 
edly upon storage or even during purification of the enzyme, without a 
significant change in the maximal velocity at infinite carrier concentra- 
tion. 

Relative Reaction Rates with Different Carriers—Table I compares the 
relative reaction rates of the enzyme with all the carriers which have been 
investigated. The results are expressed on an arbitrary scale, the activity 
with phenazine methosulfate being taken as 100. The most effective 
acceptors found were phenazine methosulfate and ethosulfate. Of two 
closely related compounds, pyocyanine was about 5 per cent as effective 
as phenazine methosulfate, while phenazine a-carboxylate was inactive. 
On the other hand, ferricyanide, an acceptor of much higher potential, was 
approximately 40 per cent as active as phenazine methosulfate. Only 
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marginal activities were found with methylene blue, brilliant cresyl blue, 
and 2 ,6-dichlorophenol-indophenol. 


TABLE I 
Relative Reaction Rates of Beef Heart Succinic Dehydrogenase at 25° 


Rate 
Acceptor or donor Eo’ (volt, pH 7) yee | Remarks 
Su — Fu Fu — Su 
Ferricyanide......... 0.360 39 0 
Cytochrome c........ 0.262 0.01, ca.| O 
2,6-Dichlorophenol- 
indophenol......... 0.217 0.6 
Phenazine methosul- 
EET eer ere 0.080 | 100 2, ca. 50, ca. 
Phenazine  ethosul- 
0.055 | 100 
Brilliant cresyl blue. . 0.045 0.7 
Methylene blue...... 0.011 2 2.5 0.8, ca. 
Pyocyanine.......... — 0.034 3 33 0.09 
2-Hydroxynaphtho- 
quinone............ —0.154 0 + 0 Umax NOt meas- 
sured for 
Fu — Su 
—0.185 0 11 0 
— 0.226 0 ++ 0 Umax hot meas- 
sured 
Diethylsafranin...... —0.251 0 11 0 
Se — 0.320 0 0.1, ca. Umax NOt meas- 
(at 25°) ured 
Benzylviologen....... —0.359 0 3 0 
Phenazine a-carboxy- 
? 0 0 


All the rates are compared with the vmax for phenazine methosulfate in the for- 
ward direction (6 wmoles of succinate oxidized per minute per mg. of enzyme in 0.05 
M phosphate, pH 7.6, 25°) which is arbitrarily taken as 100, whether the reaction is 
measured in the direction of fumarate reduction or of succinate oxidation. The 
potentials are values in the literature at 30°, except where otherwise noted. The 
signs + and +-+ indicate slow and fast rates which have not been measured quanti- 
tatively. All the rates were determined in the presence of 0.02 mM succinate or 0.033 


M fumarate. 


In the reduction of fumarate, leucopyocyanine was the best electron 
donor. With leucodiethylsafranin and FMNH2, the rates were about 
one-third as high as with leucopyocyanine. At the single concentration 
tested, FADH: was as effective as FMNH2. 
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Although the reactivities of different carriers cannot be explained simply 
in terms of either potential or structure alone, a correlation between poten- 
tial and the relative reactivities of a given carrier as electron donor and as 
electron acceptor may be noted. Thus methylene blue, with a potential 
close to that of the succinate-fumarate couple, functions at equal rates as 
a donor in fumarate reduction and as an acceptor in succinate oxidation. 
Pyocyanine, whose potential is some 30 mv. lower, is much more effective 
in fumarate reduction, whereas phenazine methosulfate, whose potential 
is 80 mv. higher, reacts much more rapidly in the oxidation of succinate 
than in the reduction of fumarate. 


DISCUSSION 


As documented under “Experimental,” a number of electron carriers 
react at appreciable rates with the highly purified succinic dehydrogenase 
from beef heart in the direction of fumarate reduction. The specificity 
of the enzyme is greater in the direction of succinate oxidation, N-alkyl- 
phenazine compounds being by far the best acceptors so far discovered. 
It is significant that phenazine compounds are also the best known elec- 
tron acceptors for various particulate preparations of succinic dehydro- 
genase from animal tissues (2) and for particulate as well as highly purified, 
soluble preparations of succinic dehydrogenase and other related ‘‘cyto- 
chrome-reducing dehydrogenases”’ from animal tissues, plants, and many 
microorganisms (9). The apparently unique effectiveness of N-alkylphen- 
azine compounds may reflect a combination of their favorable potential 
and their ability to form relatively stable semiquinoid forms.‘ 

A number of dyes which react moderately or fairly well with particulate 
preparations of succinic dehydrogenase (which contain all or part of the 
electron transport system) show only marginal reactivity with the purified 
enzyme or none at all. As an explanation of the relative inactivity of the 
purified dehydrogenase toward such acceptors, it has been suggested (3) 
that their functioning in crude particulate preparations may involve a 
reaction site in the electron transport chain above the level of the dehydro- 
genase which may have been removed or inactivated during extraction 
of the dehydrogenase. Recent studies by Kamin et al. (13) indicate that 
this is a valid explanation for the unreactivity of the purified enzyme with 
neotetrazolium (9), since this dye seems to react above the level of cyto- 
chrome c and its action is antimycin-sensitive. Similarly, the studies of 
Estabrook (14) have pointed to cytochrome c as the major point of action 
of ferricyanide, when ferricyanide is used as an acceptor for succinate 
oxidation in particulate preparations. This is in accord with the finding 
that, as compared with phenazine methosulfate, ferricyanide is significantly 


4 Beinert, H., and Massey, V., unpublished data. 
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less reactive with the purified, soluble beef heart enzyme and even less 
reactive with the dehydrogenase from other tissues (9), although the activ- 
ities of the two acceptors are comparable at least in some particulate 
preparations. 

An alternative explanation of the relative unreactivity of the purified 
enzyme toward methylene blue and indophenol dyes has been advanced 
by Wainio and Cooperstein (5), who have suggested that low activity with 
these dyes may indicate that the purified enzyme is an artifact, denatured 
in some fashion. Although this idea does not rest on experimental ground, 
it cannot be dismissed altogether until the site of action of these dyes in 
the succinic oxidase chain is definitely localized. It may be emphasized, 
however, that there has never been a valid reason for the assumption that 
methylene blue and related dyes react directly with the dehydrogenase in 
particulate preparations from animal tissues. To the authors’ knowledge, 
no systematic comparison has been made of the maximal reaction rate of 
various acceptors with particulate preparations, and current studies in this 
laboratory indicate, in fact, that such dyes react relatively poorly with 
the particulate enzyme, as compared with phenazine methosulfate (2). 
Further, there is a growing body of evidence to suggest that even in par- 
ticulate preparations, such as the Keilin-Hartree succinic oxidase system, 
methylene blue does not react directly with the dehydrogenase (2, 15, 16). 
Thus in such preparations succinic dehydrogenase activity may be readily 
inactivated to a major extent by incubation with HCN, as far as the meth- 
ylene blue assay is concerned, with relatively little or no effect, as gauged 
by the phenazine methosulfate and FMNH): assays, respectively (2). 
Lastly, a denatured or degraded enzyme would not be expected to retain 
its enzymatic characteristics, and a detailed comparison of such character- 
istics failed to reveal significant differences between the purified, soluble 
enzyme and its counterpart in mitochondrial preparations (3). 


SUMMARY 


The reactivity of purified beef heart succinic dehydrogenase with a 
variety of electron carriers has been determined in both the oxidation of 
succinate and the reduction of fumarate. The rates of reaction with these 
compounds have been compared with that of phenazine methosulfate, the 
most reactive of the carriers investigated. The purified enzyme exhibits 
a considerably more selective reactivity with such compounds than partic- 
ulate preparations of theenzyme. The possible significance of these differ- 
ences is discussed. 
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STUDIES ON SUCCINIC DEHYDROGENASE* 


VII. VALENCY STATE OF THE IRON IN BEEF HEART 
SUCCINIC DEHYDROGENASE 


By VINCENT MASSEY t 


(From the Edsel B. Ford Institute for Medical Research, 
Henry Ford Hospital, Detroit, Michigan) 


(Received for publication, June 21, 1957) 


The highly purified succinic dehydrogenase from beef heart contains 4 
atoms of non-hemin iron per molecule of flavin and per molecule of enzyme 
(2). When liberated by acid or thermal denaturation, the inorganic iron 
was found to be entirely in the ferrous state (2, 3). It was concluded, 
therefore, that the iron existed in the ferrous state in the isolated enzyme. 

In these studies the valency state of the iron was determined essentially 
by the method of Mahler and Elowe (4),' in which total inorganic iron is 
quantitatively measured by the ferrous o-phenanthrolinate color in the 
presence of added reducing agent (hydroxylamine or ascorbic acid), ferrous 
iron is measured by the color given without added reducing agent, and 
ferric iron is calculated from the difference between these values. While 
the validity and sensitivity of the o-phenanthroline method for estimating 
total inorganic iron (t.e. ferrous plus ferric) is beyond question, its suit- 
ability for the determination of the valency state of iron is open to question. 
First, as suggested by the work of Weber e¢ al. (5) and confirmed in the 
present study, solutions containing ferric iron and o-phenanthroline grad- 
ually develop the characteristic red color of ferrous o-phenanthrolinate 
without the addition of reducing agents other than o-phenanthroline itself. 
Thus the use of long incubation periods (2, 4) for color development would 
lead to artifically high values for ferrous iron. A second and more serious 
artifact in the determination of the valency state of iron liberated from 


* This investigation was supported by grants from the National Heart Institute, 
National Institutes of Health, Unites States Public Health Service, and the American 
Heart Association, and by a contract between the Office of Naval Research, Depart- 
ment of the Navy, and the Edsel B. Ford Institute for Medical Research, grant No. 
Nonr-1656(00). A preliminary report has appeared (1). 

t Present address, Department of Biochemistry, The University of Sheffield, Shef- 
field, England. 

1 The method of analysis actually used (2) involved the substitution of ascorbic 
acid for hydroxylamine as a reducing agent and a reaction period of 1 hour at room 
temperature instead of 30 minutes at 38°. This unpublished modification of the 
o-phenanthroline method (6) was elaborated by Dr. H. Beinert of the Enzyme Re- 
search Institute, University of Wisconsin. 
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proteins is the reduction of ferric to ferrous iron by active groups set free 
upon denaturation of the protein, as shown in this paper. These consid- 
erations necessitated a reevaluation of information concerning the valency 
state of iron in succinic dehydrogenase. The results of this study are the 
subject of the present report. 


EXPERIMENTAL 


Materials—Beef heart succinic dehydrogenase was prepared as described 
previously (2). The purity of the enzyme used in this study varied from 
40 to 80 per cent. It has been shown previously (2) that the iron content 
of preparations of this purity is due almost entirely to the succinic dehydro- 
genase. o-Phenanthroline was purchased from the Fisher Scientific Com- 
pany, PCMB? and PCMS from the Sigma Chemical Company. All other 
chemicals used were of reagent grade quality. 

Iron Estimation—A sample of enzyme was deproteinized with 5 per cent 
final concentration of TCA, and centrifuged. Duplicate 0.4 ml. aliquots 
of the supernatant solution were pipetted directly into 1 ml. Beckman cells 
which contained 0.36 ml. of HzO and 0.15 ml. of 0.1 per cent o-phenan- 
throline. Depending upon whether reaction was desired in the presence or 
in the absence of a reducing agent, 0.05 ml. of 0.06 N ascorbic acid solution 
or 0.05 ml. 0.06 N acetic acid was next added. After the addition of 0.04 
ml. of a saturated solution of ammonium acetate to buffer the reaction 
mixture, the red color was read at 510 mu. Reagent controls were made 
with each determination. Since under the conditions of the reaction (in 
the absence of high salt concentration) ferrous iron reacts immediately to 
form the o-phenanthroline chelate, the preliminary incubation at 38° (4) 
or at room temperature! is unnecessary and may lead to artifactual results. 
When required, the iron content was calculated from the extinction co- 
efficient of ferrous o-phenanthrolinate, = 1.11 10‘ (6). This value 
was also confirmed in the present study. 


Results 


Effect of Mercurials on Apparent Distribution of Fe++ and Fe+++—When 
succinic dehydrogenase was precipitated with TCA or denatured by boil- 
ing, it was noticed that a strong odor resembling H.S was given off. The 
possibility existed that liberation of a reducing agent from the protein 
could cause secondary reduction of ferric to ferrous iron. Fig. 1 shows 
the results of an experiment designed to test this possibility. When suc- 
cinic dehydrogenase was precipitated with TCA, sufficient reducing groups 


2 The following abbreviations are used: DPNH, reduced diphosphopyridine nucleo- 
tide; OP, o-phenanthroline; PCMB, p-chloromercuribenzoic acid; PCMS, p-chloro- 
mercuriphenylsulfonic acid; TCA, trichloroacetic acid. 
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were released to reduce an amount of added ferric iron equivalent to about 
60 per cent of the total iron already contained in the protein. That the 
reducing groups implicated by this finding are sulfhydryl in nature and 
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Fic. 1. 12.9 mg. of 40 per cent pure enzyme were denatured with TCA at 2° and 
iron analysis was performed as described under “Experimental.’’ Curves 1 and 2, the 
amounts of iron from the enzyme reacting as Fet*+ (OP); in the absence and the pres- 
ence of ascorbic acid; Curves 3 and 4, the same as Curves 1 and 2, except for the ad- 
dition of 0.2 umole of ferric ammonium sulfate with the TCA; Curves 5 and 6, the re- 
action of 0.2 umole of ferric ammonium sulfate in TCA with o-phenanthroline in the 
absence and presence of ascorbic acid. The time shown is from the addition of 
saturated ammonium acetate to the aliquots for iron analysis; this is approximately 
12 to 15 minutes after the deproteinization of the enzyme. 

Fic. 2. The effect of 1 minute prior incubation of succinic dehydrogenase with 
PCMS on the amount of iron reacting as Fe*+* (OP); after deproteinization with TCA. 
Curve A;, no mercurial added, results in the absence of ascorbic acid; Curve Ag, with 
3.8 X 10-4 m PCMS, no ascorbic acid; Curve A;, with 4.5 X 10-3 m PCMS, no ascorbic 
acid; Curve Ay, no enzyme, 0.1 umole of ferric ammonium sulfate, no ascorbic acid; 
Curves B,-, the same as Curves A,-4, except for the addition of ascorbic acid. Tem- 
perature of estimation, 25°. 


that the iron of succinic dehydrogenase is largely or possibly even entirely 
in the ferric form, is suggested by the effects of added mercurials on the 
iron analysis. 

Fig. 2 shows the effect of the prior addition of PCMS on the apparent 
distribution of ferrous and ferric iron. With increasing amounts of PCMS, 
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both the rate of color development (in the absence of ascorbic acid) and 
the fraction of iron reacting as Fet+ decreased. This effect was also ac- 
companied by the progressive diminution and final absence of the odor of 


TABLE I 
Effect of p-Chloromercuriphenyl Sulfonate and 
p-Chloromercuribenzoate on Fe Analysis 


Mercurial Per cent iron reacting as Fe*** 

None 60-100 
3.76 X 10-4 m PCMS 53.5 

1.88 X 10-3 21.4 

4.5 107-3 “ 13.5 

1.5 1073 PCMB (aerobic) 36.0 

1.5 X (anaerobic) 32.0 


* The values in this column were calculated from the optical density at 510 mg 
produced in the absence of added ascorbic acid, 2 minutes after the reaction mixture 
was buffered with ammonium acetate, compared to the value obtained in the presence 
of asecorbie acid. In each experiment in which mercurial was added, the solution 
was deproteinized with TCA 1 minute after the addition of the mercurial. 
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Fic. 3. The effect of PCMS on the iron analysis of succinic dehydrogenase. Curve 
A, prior incubation with PCMS for 1 minute at 25° before deproteinization with TCA; 
Curve B, the simultaneous addition of TCA and PCMS (PCMS dissolved in TCA). 


HS liberated on TCA precipitation. The same results were obtained 
when the addition of mercurial and the precipitation with TCA were 
carried out under anaerobic conditions, or when PCMB was substituted 
for PCMS (Table I). Control experiments showed that under the con- 
ditions of the determination PCMS neither caused any oxidation of ferrous 
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iron nor led to the liberation of protein groups which could oxidize ferrous 
iron. 

The observation that the effect of mercurials on the apparent distribu- 
tion of ferrous and ferric iron is the same, whether the incubation with the 
mercurial and the precipitation with TCA are carried out aerobically or 
anaerobically, indicates that mercurials act by preventing the appearance 
of reducing groups and not by effecting an artifactual oxidation of the 


TABLE II 


Effect of Succinate and Fumarate on State of Iron 
in Succinic Dehydrogenase 


Conditions 
Per cent 
Incubation Tron analysis 
Control incubation, 1 hr., 25° Added PCMB to 1.5 XK 1074 m; | 40.5 
after 1 min. TCA added 
Incubation, 1 hr., 25°, with 2.5 X 10°? 38.3 
succinate 
Incubation, 1 hr., 25°, with 2.5 K 10-2 37.2 
fumarate 
Control incubation, 5 min., 25° Deproteinized with TCA contain- | 56 
ing PCMS§; final concentration 
PCMS = 2.48 X 10-3 m 
Incubated 5 min., with 3 X 10°? M sucei- as ss 57 
nate 
Incubated 5 min., with 3 10-2 m fuma- 57 
rate 


* The values in this column were calculated from the optical density at 510 mu 
produced in the absence of added ascorbic acid, 2 minutes after the reaction mixture 
was buffered with ammonium acetate, compared to the value obtained in the pres- 
ence of ascorbic acid. 


ferrous form of the enzyme. This conclusion is supported by the results 
of experiments in which the enzyme was precipitated with TCA containing 
dissolved PCMS. Again, the amount of iron which reacts as ferrous iron 
was diminished as the concentration of PCMS was increased. Fig. 3 
compares the effect of PCMS added simultaneously with and prior to the 
denaturing agent on the distribution of Fe++ and Fet++. The fact that 
considerably larger quantities of PCMS were required to produce the same 
effect when the enzyme was precipitated with TCA containing PCMS is 
probably a reflection of the decreased efficiency of reaction of the mercurial 
with —SH groups in a heterogeneous system, or to non-specific removal 
of PCMS by the precipitated protein. 
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Influence of Substrate on Valency State of Iron—If the iron atoms of 
succinic dehydrogenase were involved directly in the passage of electrons 
from substrate to external electron carrier, it would be reasonable to expect 
that changes in the valency state of the iron might be demonstrated upon 
the addition of substrate. As detailed in Table II, no changes could be 
detected under any experimental conditions tested. The possible signifi- 
cance of these observations is considered further in the “‘Discussion.”’ 


DISCUSSION 


From the experimental evidence presented, it is considered likely that 
the iron of succinic dehydrogenase exists largely or probably even entirely 
in the oxidized form, and that it is reduced by —SH groups set free upon 
denaturation of the protein. Since the liberation of —SH groups as a 
result of protein denaturation is a fairly general phenomenon of protein 
chemistry (7), such artifactual reduction of iron liberated from proteins 
by denaturation is probably not limited to succinic dehydrogenase. Thus 
the interpretation of results on the valency state of iron liberated by de- 
naturation becomes highly equivocal. These considerations appear to be 
particularly applicable to DPNH-cytochrome reductase. From the Fe*++ 
to Fet++ ratios obtained by the o-phenanthroline method, Mahler and 
Elowe (4) have concluded that the iron moieties of this enzyme undergo 
valency changes in the course of catalytic action. It was reported that 
although the Fet+*+ to Fe+** ratios varied markedly in different prepara- 
tions, incubation with DPNH before deproteinizatioh always increased 
the proportion of Fet+*+, and pretreatment with cytochrome c increased the 
amount of iron reacting as Fe+*++. These conclusions now appear doubtful 
in the light of the data presented for succinic dehydrogenase, since the 
reductase also contains —SH groups and since prior treatment of the 
reductase with PCMB caused all the iron to appear in the ferric state. The 
interpretation of the data on the valency of iron in the reductase is further 
complicated by the fact that, under the conditions of estimation, or at a 
slightly higher pH, DPNH reduces ferric iron and cytochrome c oxidizes 
ferrous iron (5). 

Since the demonstration of valency changes of the iron moieties in the 
action of DPNH-cytochrome reductase was the main experimental founda- 
tion of the concept that the metal undergoes oxidation and reduction in 
the catalytic action of the reductase (4), this concept now appears to lack 
sufficient experimental support. In fact, the function of the metal seems 
uncertain in all iron-flavoproteins, including succinic dehydrogenase. Thus 


3 Under the conditions of assay used by Mahler and Elowe (4), DPNH added to the 
trichloroacetic acid supernatant fluid will rapidly reduce added ferric iron. 
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the lack of effect of fumarate or succinate on the state of the iron would 
argue against the functioning of this metal as an intermediate electron 
carrier in succinic dehydrogenase. It must be emphasized, however, that, 
although the demonstration of a reduction of iron by succinate would have 
been of considerable significance, the lack of such an effect does not neces- 
sarily disprove the functioning of iron as an electron carrier. Provided 
that the rate of electron transfer through iron to another acceptor were 
sufficiently fast, the extent of reduction possible in terms of potential need 
only be small, and might well be within the limits of error of the measure- 
ments. As the experimental evidence which supports the concept of 
metals functioning as intermediate electron carriers is so insecure, it be- 
comes of special importance that valency changes should be demonstrable 
if an active role of electron carrier is to be assigned to the metals of metal- 
loproteins. (Even the intellectual attraction of such a concept has been 
considerably weakened by the recent demonstration (8) of the occurrence 
of flavin semiquinoid forms in enzymatic catalyses by flavoproteins.) So 
far, such valency changes have not been made convincingly with any 
metalloflavoprotein except the nitrate reductase of Neurospora crassa (9). 
It would appear in the case of succinic dehydrogenase that such evidence 
is not likely to be obtained by such chemical methods as employed in this 
study. Possibly more unequivocal evidence can be obtained by the use 
of more sensitive, physical methods. Until such evidence is obtained, the 
catalytic role of iron in such enzymes must remain purely speculative. 


SUMMARY 


1. When succinic dehydrogenase is denatured by acid or heat, the entire 
iron content is liberated in inorganic form and most of the iron appears in 
the ferrous state. Treatment of the protein with organic mercurials prior 
to or simultaneously with denaturation causes the appearance of the ma- 
jority of the iron in the ferric state. The amount of iron appearing in the 
ferric state is dependent upon the concentration of mercurial employed. 

2. Appreciable amounts of ferric iron added after denaturation of the 
protein can be reduced by the products of denaturation. 

3. The results are interpreted to indicate that all or most of the iron 
content of the isolated enzyme is in the oxidized state in the native protein 
and that its appearance in the reduced form after denaturation is a con- 
sequence of secondary reduction by —-SH groups set free upon denaturation. 

4. The incubation of succinic dehydrogenase with either fumarate or 
succinate failed to produce any change in the measured valency state of 
the iron. 

5. The significance of these observations on the function of iron in suc- 
cinic dehydrogenase and other metalloflavoproteins is discussed. 
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OXIDATION OF PYRIDINE NUCLEOTIDES COUPLED 
TO PHOSPHORYLATION * 


By SUDHA JOSHI, R. W. NEWBURGH, ann VERNON H. CHELDELIN 


(From the Department of Chemistry and the Science Research Institute, Oregon State 
College, Corvallis, Oregon) 


(Received for publication, July 22, 1957) 


Previous studies have indicated that the pentose cycle enzymes, including 
glucose 6-phosphate dehydrogenase and 6-phosphogluconate dehydro- 
genase, were localized in the soluble fraction of the homogenate isolated 
from kidney, liver, or heart tissue (1). Since reduced pyridine nucleotides 
are formed during the oxidation of G-6-P' and 6-PGA, it was of interest 
to establish whether or not the reoxidation of pyridine nucleotides, espe- 
cially TPNH, might result in phosphorylation. If this were possible, it 
might provide a mechanism by which phosphate energy could be obtained 
during the oxidation of the substrates involved in the pentose cycle. 

In addition, although it is known that DPNH oxidation by mitochondria 
results in phosphorylation (2, 3), the role of TPNH is still one of conjecture. 
Kaplan et al. (4) have suggested that only DPNH is used for phosphoryla- 
tion and that TPNH is connected to DPNH by way of transhydrogenase. 
The experiments reported here indicate a more direct phosphorylation 
coupled to TPNH oxidation by mitochondria and a soluble enzyme frac- 
tion. 

Methods 


Beef heart mitochondria were prepared by the method of Hogeboom 
and Schneider (5), as modified by Crane et al. (6), with 0.25 m sucrose plus 
1.85 gm. of K,HPO, per liter. The final pH of the heart homogenate was 
7.0. The mitochondria were frozen and thawed and used as needed. 
They were stored at —10°. The phosphorylating activity of the mito- 
chondria decreased with time, but was still satisfactory for these studies 
up to storage for 1 month. The soluble fraction was prepared by homog- 
enizing 100 gm. of heart in 200 ml. of 0.9 per cent KCl plus 0.001 mM Ver- 
sene. The material was then centrifuged at 1000 X< g for 10 minutes; the 


* Supported in part by grants-in-aid from the American Cancer Society and the 
Oregon Heart Association. Published with the approval of the Monographs Pub- 
lications Committee, Research Paper No. 324, School of Science, Department of 
Chemistry. 

! Abbreviations, DPN*+ and TPN* for di- and triphosphopyridine nucleotides, 
DPNH and TPNH for reduced di- and triphosphopyridine nucleotides, G-6-P for 
glucose 6-phosphate, and 6-PGA for 6-phosphogluconie acid. 
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supernatant layer was removed and centrifuged for 3 hours at 25,000 X g. 
The supernatant liquid resulting was called the Ses,000 fraction. This 
fraction was dialyzed against 0.02 m tris(hydroxymethyl)aminomethane 
buffer, pH 7.4, for 12 hours prior to use. Dialysis up to 24 hours did not 
destroy the activity. Oxidation was measured by conventional manom- 
etry. The reaction was stopped by the addition of 1 ml. of 15 per cent 
trichloroacetic acid, the material was then centrifuged, and an aliquot was 
removed for phosphorus estimation. Phosphorylation was measured 
colorimetrically by the Fiske-Subbarow method. A change of 0.2 in 
optical density represented 0.27 umole of phosphorus. The TPNH, 
TPN, DPN, DPNH, G-6-P, G-6-P dehydrogenase, and 6-PGA dehydro- 
genase were commercial preparations obtained from the Sigma Chemical 
Company. Antimycin A was obtained from the Wisconsin Alumni 
Research Foundation and glucose-1-C“ and glucose-6-C“ from the Na- 
tional Bureau of Standards. C™“O,. was determined by precipitation as 
BaCO; and counted in this form by standard counting procedures. 


Results 


Early experiments indicated that phosphorylation occurred during the 
oxidation of reduced TPN, as shown in Experiments 1 and 2 of Table I. 
It can readily be seen that both the mitochondria and the soluble fraction 
are required for oxidative phosphorylation with TPN and TPNH whereas 
only the mitochondria are needed for phosphorylation during the Krebs 
cycle oxidations. No oxidation occurred with the soluble fraction alone, 
but a small amount of phosphorylation was observed when either TPNH 
or TPN was added. The oxidation and phosphorylation with TPN are 
probably caused by the adenosine triphosphate-trapping system used 
(glucose-adenosine diphosphate-hexokinase), together with myokinase 
and G-6-P dehydrogenase which are probably also present. 

In Table I, Experiments 3 and 4 show the results of oxidation and 
phosphorylation in the presence of DPN and DPNH. Considerable 
phosphorylation occurred with each nucleotide in the soluble fraction 
alone, contrary to the findings with TPN or TPNH. Since more phos- 
phorylation with Ses5,o00 resulted in the presence of DPN than DPNH, it 
would seem likely that this phosphorylation is the result of glycolysis, 
as is further shown in the section under “Effect of inhibitors.” 

As might be expected from the observations with TPN and TPNH, 
similar results were obtained with G-6-P dehydrogenase, G-6-P, and 
catalytic amounts of TPN. Oxidative phosphorylation with this system 
requires the presence of TPN, soluble fraction, and mitochondria (Table I, 
Experiment 5). Extra glucose 6-phosphate had little effect, because this 
compound probably was formed from myokinase and the hexokinase trap 
present in the soluble fraction. No phosphorylation occurred in the 


( 
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presence of mitochondria alone, either with this system or with TPNH 
as substrate. Although G-6-P dehydrogenase is normally found in the 
soluble fraction from heart, apparently its concentration was too low, 


TABLE 
Oxidative Phosphorylation by Beef Heart and Soluble Preparations 

Each vessel contained the indicated supplements as follows: M = mitochondria, 
0.3 ml.; S = Ses,c00 fraction, 0.56 ml.; PM = pyruvate, 20 umoles, plus malate, 5 
umoles; TPNH, 10 umoles; TPN, 10 wmoles; DPNH, 10 ymoles; DPN, 10 umoles; 
G-6-P, 10 umoles, plus G-6-P dehydrogenase (yeast), 0.1 mg. Each vessel contained, 
in addition, 27.2 umoles of phosphate buffer, pH 7.4, 20 umoles of MgCl:, 10 umoles 
of ADP, 50 wmoles of glucose, and 6 mg. of hexokinase. Final volume, 3.0 ml.; 
temperature, 30°; time, 15 minutes. As announced in a preliminary note (8), S105, 000 
fraction replaced the S25,o00 fraction in several experiments with similar results. 


Enzyme Substrate 
Experiment a O2 consumed P esterified 
paloms pmoles 
l + + 9.6 21 2.2 
+ | + + 11.5 18.3 1.5 
+ it + 8.7 25.7 2.9 
+ + 0 0 
+ + 0 4.1 
+ + 0 6.5 
2 +|+ 0 0 
+ + 10.7 0 
3 fn 9.3 0.4 
+ + 3.9 1.7 
4 4 | + 16.6 27.0 1.5 
+/+ 15.7 24.6 1.5 
+- 1.4 14.3 
af. 0.7 27.0 
5 + + 1.4 0 
fp + 2.1 0 
+it + 8.2 9.4 1.1 
+ + 7.8 11.0 1.4 
of ++ 0.9 3.1 
+ + 0.8 3.1 


since in other experiments it was found necessary to add exogenous G-6-P 
dehydrogenase. 


Effect of Inhibitors 


Since the observed phosphorylation might be the indirect result of 
glycolysis, at least with DPN or DPNH, the extent of this process was 
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studied through the use of two glycolytic inhibitors, iodoacetate and 
fluoride, as well as with antimycin A and dinitrophenol, which tend to 
uncouple phosphorylation at the electron transport level. With iodo- 


TABLE II 
Effect of Inhibitors on Oxidative Phosphorylation by Beef Heart Preparations 
Additions same as those in Table I, plus others indicated as follows: I = iodoace- 
tate, 0.5 umole (final concentration = 1.7 K 10-4 mM); A = antimycin A, 5 y; D = 
2,4-dinitrophenol, 0.15 umole (final concentration = 5 K 10-5 mM); F = KF, 33 
umoles. 


Enzyme Substrate Inhibitor 
ment consumed esterified 7} 
tein I A 
paloms pmoles 
1 Ti? + 14.6 25.4 2.3 
> > 7.1 7.2 1.0 
Ti? + 3.7 9.5 2.5 
> + 0 0 
+ 0 2.6 
2 Ti+ | + 6.1 13.7 2.3 
+ 8.8 10.7 1.2 
7.8 13.7 1.8 
+ + 0 
+ + 5.0 
3 iP i> 5.6 18.0 3.2 
t+ 0 0 
12.5 21.0 1.7 
+ 2.0 0 0 
Tit + 1.6 4.0 
0 0 
+ 0 5.7 
4 Ti+ + 16.7 26.4 1.6 
+ 3.4 17.0 
Ti+ 12.1 27.0 2.2 
A D F 
> i> + 1.9 19.0 
+ + + 0 12.0 
+ + 0 22.0 
5 eit i+ 5.7 13.4 2.4 
Tir + 2.3 0 
16 34 2.1 
+ 13 3.2 
+ 4.7 13.0 2.8 
+ 3.5 0 
+ 0 
3.8 


ind 
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TaBLE II—Concluded 


Enzyme Substrate 
Inhibitor Cz consumed | P esterified 
Noo) | PM 
a a 
A D F patoms pmoles 
6 iti t+ + 8.5 25 3.0 
+i? + + 12.3 16.7 1.4 
+ i+ + 7.4 25 3.4 
+ + 7.5 16.4 2.2 
+ + + 9.4 
+ + 17.9 
+ + + 17.9 
7 + i+ + 7.0 5.7 0.8 
+/+ | + 3.9 5.1 1.3 
+ + 0 
+ 0 
+i + + 8.9 10.9 1.2 
?, i+ + 6.3 9.2 1.5 
+ + 0 
+ + 0 


acetate (Table II, Experiments 1 and 2) or fluoride (Experiment 7), the 
phosphorylation occurring in the soluble fraction alone was eliminated. 
In contrast, there was no inhibition of (mitochondrial) oxidative phos- 
phorylation in the presence of pyruvate and malate. 

With antimycin A as an inhibitor (Table II, Experiments 3 and 4), the 
phosphorylation occurring in the presence of TPNH was inhibited com- 
pletely. Similar results were found with TPN, and it appears that the 
small amount of phosphorylation observed with this substrate was due 
to the soluble fraction alone. These results would seem to indicate that 
the oxidation of TPNH occurs through the regular mitochondrial electron 
transport system with concomitant phosphorylation. With DPN _ or 
DPNH as substrate, the oxidation was eliminated, but over half of the 
phosphorylation persisted. Likewise, when the soluble fraction was used 
alone (mitochondria omitted), oxidation ceased and phosphorylation was 
observed only with DPN or DPNH. 

The effect of dinitrophenol was similar to that of antimycin A. Again 
with DPN or DPNH, extensive phosphorylation occurred in the soluble 
fraction alone. The results with these inhibitors indicate clearly the 
different loci of action of TPNH (TPN) and of DPNH (DPN) within 
the cell, in the expected manner; DPN-induced phosphorylations occur 
extensively in the soluble cytoplasm, presumably as a result of glycolysis, 
whereas TPNH-oxidative phosphorylation occurs in the mitochondria. 


776 OXIDATION OF PYRIDINE NUCLEOTIDES 


The extra phosphorylation observed here in the DPNH (DPN) mitochon- 
drial system, when no inhibitor is added, suggests that in addition to 
glycolysis a modicum of phosphorylative oxidation proceeds via DPN 
systems in heart mitochondria, which, like the TPN systems described 
here, require the soluble fraction for full activity. 

Further confirmation of the foregoing statements is provided by the 
data in Table III, where glucose-1-C" and glucose 6-C™ were oxidized in 


the presence of iodoacetate or fluoride. 


TABLE III 


Effect of Inhibitors on Oxidation of C'*-Glucose 
Additions same as those in Table I; mitochondria and soluble fraction present. 


As expected, these agents elimi- 


C.p.m. in from 
Substrate Inhibitor 

Glucose-1-C™ Glucose-6-C™ 

Pyruvate, malate None 0 0 

Iodoacetate 0 0 

TPNH None 26 18 

Iodoacetate 18 0 

se KF 10 0 

TPN None 112 48 

lodoacetate 59 0 

sa KF 56 0 

DPNH None 38 45 

os lodoacetate 15 18 

KF 0 0 

DPN None 87 64 

lodoacetate 38 39 

- KF 0 0 


nated completely the contribution of glucose carbon 6 to CO: in the TPN 
(TPNH) system and removed the margin of counts from carbon 1 over 
carbon 6 in the DPN system. Thus, in the inhibited oxidations, the 
CO, evolution pattern clearly distinguished glycolysis (C,/Cs = 1)? from 
the TPNH-catalyzed oxidations of G-6-P and 6-PGA, where C,/C, = « 
in the early phases of the experiment. 

Pyridine Nucleotide Transhydrogenase—The experiments reported thus 
far did not establish whether TPNH was being oxidized by DPN in the 
presence of transhydrogenase. This possibility would seem unlikely in 
view of the report by Kaplan et al. (7) that TPNH-DPN transhydrogenase 


2C,/Cs = (total activity of from carbon 1)/(total activity of from ear- 
bon 6). 


oa 
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in heart is found only in the mitochondria, yet it appeared important to 
test this point in the present system. 

Mitochondria were depleted of DPN according to the method of Kaplan 
e al. (4) to the point that oxidative phosphorylation from pyruvate and 
malate required the addition of DPN. In Experiment 3, the mitochondria 
were depleted by additional treatment for 15 minutes. As can be seen in 
Table IV, oxidation and phosphorylation required the addition of DPN for 
optimal results in the presence of pyruvate and malate. When depleted 


TaBLeE IV 
Oxidative Phosphorylation with Pyridine Nucleotide-Depleted Mitochondria 
Additions same as those in Table I. 


Enzyme Substrate 
Experiment Oz P P 
No. De- Isocit- | consumed esterified O 
pleted | S | PM "7, 7, Z. 
M a 
patoms pumoles 
1 + + 3.9 2.8 0.7 
+ + + 5.0 3.4 0.7 
+ + + 10.4 10.3 1.0 
+ + 1.8 0 
+ + + 8 5 0.6 
+ + + 23.2 17.2 0.7 
2 + + i+ 2.1 3.3 1.5 
+ Tit + 8.3 11.9 1.5 
+ + 10.4 9.4 0.9 
+ i+ + + 13.2 8.8 0.7 
3 + + 1.3 0 
+ + + 7.6 6.3 0.83 
+ + 9.9 8.6 0.87 
+ Anti- + + + 2.6 0 
mycin A + | + 0 0 


mitochondria were used, no inhibition of oxidative phosphorylation 
occurred in the presence of reduced TPN. Moreover, the addition of DPN 
to the system containing reduced TPN had no effect on increasing the 
oxidative phosphorylation. In addition, antimycin A completely inhibited 
this latter phosphorylation. The soluble fraction did not contain DPN 
when measured with alcohol dehydrogenase. In addition, the presence 
of isocitrate dehydrogenase was studied to determine whether the mito- 
chondria were depleted of DPN and TPN. It can be seen that apparently 
the mitochondria are depleted in that no oxidative phosphorylation occurs 
with isocitrate unless either DPN or TPN is added. The absence of 
transhydrogenase in the soluble fraction was further shown, since, when 


on- 
to 
aN 
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TPNH, DPN, acetaldehyde, and alcohol dehydrogenase were added, no 
oxidation was found. 

The addition of an artificial ‘‘soluble fraction”? consisting of flavin 
adenine dinucleotide, cytochrome c, albumin, and vitamin By, resulted 
in no phosphorylation in the presence of TPNH, indicating that these 
compounds are not involved. Heating Ses,o00 at 100° for 5 minutes com- 
pletely destroyed the stimulation of phosphorylation. 


DISCUSSION 


These experiments demonstrate that phosphorylation can be coupled 
to TPNH oxidation in mitochondria in the presence of a soluble fraction 
from heart homogenates. The phosphorylation is antimycin A- and 
dinitrophenol-sensitive, and, when iodoacetate or fluoride is added, no 
phosphorylation occurs with the soluble fraction alone. Some doubt 
exists regarding the exact status of reduced or oxidized DPN, since con- 
siderable phosphorylation occurs with the soluble fraction alone, probably 
due to the glycolytic enzymes. Even so, it seems from the inhibition 
studies that some of the DPNH is oxidized by the phosphorylating path- 
way, and this requires the addition of the soluble fraction. 

These observations suggest a possible way in which reduced pyridine 
nucleotides, obtained from such “soluble” systems as the pentose cycle 
enzymes, may be oxidized and coupled to mitochondrial phosphorylation. 

Although experiments have shown that this effect can be demonstrated 
with either frozen and thawed or fresh mitochondria, it is still not certain 
whether the permeability of the mitochondria may be altered sufficiently 
to permit passage of reduced pyridine nucleotides, either as a result of the 
experimental treatment or because of some factor or factors in the soluble 
fraction. Experiments are under way to determine whether TPNH 
actually traverses the mitochondrial boundary, or whether it may reduce 
some factor in the soluble fraction which is capable of interaction with the 
mitochondrion, resulting in oxidative phosphorylation. 


SUMMARY 


Oxidative phosphorylation with TPNH was shown to require both the 
mitochondria and a soluble fraction from beef heart. The results indicate 
that pyridine nucleotide transhydrogenase is probably not involved. 
The oxidative phosphorylation was inhibited by antimycin A and dinitro- 
phenol. The implications of this finding are discussed. 
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ELECTROPHORETIC PURIFICATION OF PARATHORMONE B 


By HOWARD RASMUSSEN* 
(From The Rockefeller Institute for Medical Research, New York, New York) 


(Received for publication, June 27, 1957) 


During the course of previous work on the isolation of the calcium- 
mobilizing principle from bovine parathyroid glands, it was found that 
the active substance obtained by extraction of a crude gland powder with 
0.2 xn hydrochloric acid differed in its chromatographic behavior from that 
obtained by extraction with 80 per cent acetic acid (1). For the sake of 
convenience these two active substances were named parathormone 
A (PTH-A) and parathormone B (PTH-B), respectively. 

The most potent preparations of PTH-B previously obtained have had 
a potency of 20 to 35 units per mg. (U.S. P. units per mg. of dry weight) 
when assayed for calcium-mobilizing activity in parathyroidectomized 
rats (1, 2). 

The purpose of this paper is to describe experiments in which zonal 
electrophoresis in a supporting medium of polyvinyl chloride was used to 
purify PTH-B further. By this means a substance of a potency 210 to 
230 units per mg. has been obtained, which sediments as a single peak 
during ultracentrifugation and migrates as a single zone during electro- 
phoresis. 


EXPERIMENTAL 


The crude PTH-B used as the starting material was prepared by the 
method of Davies and Gordon (2), modified as previously described (1). 
This was a dry powder with a potency of 25 to 35 units per mg. 

Hormonal assays were carried out on parathyroidectomized rats pre- 
viously described (1), except that all powders to be tested were suspended 
in arachis oil rather than dissolved in saline, before being injected sub- 
cutaneously. This was necessary to insure maximal and uniform responses 
since it was found that the biological response of the test animals to the 
injection of purified PTH-B was highly dependent on the injection me- 
dium.'! All units are expressed in U. S. P. units and solution parathy- 
roid extract (Eli Lilly and Company) was used throughout as the standard. 

The biological activity of the purified PTH-B was tested also by measur- 
ing its effect on the concentration of plasma inorganic phosphorus of 
normal rats by a modification of the method of Tepperman, L’Heureux, 


* Graduate Fellow of The Rockefeller Institute. 
' Unpublished observations. 
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and Wilhelmi (3). Male rats weighing 120 to 130 gm. were employed, 
Plasma inorganic phosphorus concentrations were determined by the 
method of Chen, Taribara, and Warner (4). 

The electrophoretic experiments were carried out in a cold room at 2° 
by a modification of the method of Kunkel (5). Polyvinyl chloride 
was used as the supporting medium. It was washed with 1.0 Mo acetic 
acid, then with buffer, before being suspended in buffer and poured into 
rectangular troughs 1 cm. deep. For separation of the crude PTH-B, a 
trough 45 X 40 cm. was employed, and, for subsequent separations of the 
more purified PTH-B, a trough 60 X 8 cm. was used. After the block was 
poured, the excess buffer was removed by placing paper blotters at the 
ends of the trough. A narrow channel, extending to within 1 cm. of the 
edges, was then cut across the width of the block 5 cm. from the anodal 
end. The material to be applied was taken up in a buffer (40 to 60 mg. 
per ml.) and placed in the channel with the aid of a syringe and glass 
needle. It was necessary to centrifuge the solution of the crude PTH-B 
before application in order to remove a small amount of insoluble material. 
After being put in contact with the electrode vessels, the block was covered 
with a thin sheet of polyvinyl acetate and allowed to stand for 30 to 45 
minutes for temperature equilibration before the potential was applied. 
For initial runs, 1.0 gm. of crude PTH-B was used. These runs were 
carried out with a current of about 85 ma., maintained by a potential 
drop of 220 volts, for a period of 18 to 24 hours. When the active material 
from the initial runs was again run on the small blocks, 100 to 120 mg. 
were used. These separations were conducted for 48 hours with a current 
of approximately 32 ma., maintained by a potential drop of 300 volts. 

At the conclusion of an experiment, the polyvinyl chloride block was 
cut into 1 em. segments. Each segment was placed in a lucite funnel with 
a Teflon filter disk (average pore size, 9 u).2 The funnel was seated in a 
suction flask, within which rested a centrifuge tube to collect the washings. 
The resin was washed twice with small volumes of 1.0 M acetic acid while a 
negative pressure of 120 mm. of Hg was applied to the suction flask. 
Initially, sintered glass filters were used, but these were abandoned because 
the parathormone was adsorbed to the glass and marked foaming occurred. 
Occasionally some of the finer resin particles came through the filter, so 
that all tubes were centrifuged before aliquots were taken for determination 
of protein concentration by a modified Folin procedure (6). The contents 
of the tubes representing a given protein peak were pooled, lyophilized, 
and then assayed. In experiments in which glycine buffers were used, 


2 Resin 426, B. F. Goodrich Chemical Company, Cleveland, Ohio. 
3 The Teflon disks were kindly donated by Mr. Whitwell of the Porous Filter Com- 
pany, Glen Cove, New York. 
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the effluent solutions were passed through a small column of IR-120 
(regular grade, hydrogen form) at 2° before lyophilization, in order to 
remove the glycine. When dichloroacetic acid was used, the solutions 
were extracted three times with equal volumes of ethyl ether at 2° before 
being lyophilized. 

The buffer used for the initial separation of crude PTH-B was 0.1 m 
pyridine acetate, pH 3.8. For subsequent separation of the partially 
purified PTH-B, 0.09 m pyridine acetate-0.01 mM glycine at pH 3.8 was 
employed. The purified PTH-B was also run in 0.05 m dichloroacetic 
acid, pH 1.65. <A current of 30 ma. was maintained for 15 hours by a 
potential drop of 100 volts. 

The purified PTH-B was examined in the model E Spinco ultracentrifuge. 
The experiment was carried out at 59,780 gm., employing the 0.09 m 
pyridine acetate-0.01 M glycine buffer. 


Results 


A typical electrophoretic pattern, obtained when crude PTH-B (25 to 
35 units per mg.) was separated, can be seen in Fig. 1. The optical density 
readings of the Folin color determinations and the hormonal activities 
are plotted for each fraction. Approximately 95 per cent of the protein 
and 90 to 95 per cent of the hormonal activity were recovered. The 
hormonal activity was found in a single zone which accounted for 90 to 
95 per cent of the estimated original activity but only 18 to 24 per cent 
of the protein. The potency of this material varied from block to block, 
ranging from 125 to 160 units per mg. When material of this potency 
was further separated, the pattern shown in Fig. 2 was obtained. The 
hormonal activity was localized at one of the two major peaks. This 
one peak accounted for 94 per cent of the activity, but only 45 to 70 per 
cent of the protein. The specific activity of this material was 190 to 
210 units per mg. The material from the central five to six fractions 
of such a peak was again subjected to electrophoresis under the same condi- 
tions, and the pattern shown in Fig. 3 was obtained. The single peak 
accounted for 97 per cent of the protein and 98 per cent of the hormonal 
activity. In more prolonged experiments (60 hours) it appeared to migrate 
as a single zone over a distance of 40 cm. Within the limits of error of the 
assay method, this material had consistently, in serial experiments, a 
potency of 210 to 230 units per mg. In several experiments, material 
from the leading and trailing edges of this zone was assayed separately, 
but no difference in biological activity was found. This material was 
run also in 0.05 m dichloroacetic acid, and again migrated as a single zone, 
as can be seen in Fig. 4. The material recovered had the same biological 
potency as that applied (220 units per mg.). 
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Fig. 1. Pattern of Folin color and hormonal activity of fractions obtained after 
separation of crude PTH-B on polyvinyl] chloride in 0.1 mM pyridine acetate, pH 3.8. 
A potential of 220 volts was applied for 22 hours. The origin was at Fraction 0. 
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Fic. 2. Pattern of Folin color and hormonal activity found after separation of 
PTH-B which had been obtained from an initial electrophoretic separation of crude 
PTH-B. The run was conducted on polyviny! chloride in 0.09 m pyridine acetate- 
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Fic. 3. Pattern of Folin color obtained after the material from Fractions 31 to 37 
from second separation of PTH-B (Fig. 2) was run in 0.09 m pyridine acetate-0.01 m 
glycine, pH 3.8. A potential of 300 volts was applied for 48 hours. 

Fic. 4. Pattern of Folin color found when PTH-B (210 units per mg.) was run in 
0.05 m dichloroacetie acid, pH 1.65. A potential of 100 volts was applied for 15 hours. 


Fic. 5. Ultracentrifugal diagrams of PTH-B after (a) 160 and (b) 320 minutes re- 
spectively at 59,780 gm. in 0.09 mM pyridine acetate-0.01 M glycine, pH 3.8. 
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This purified PTH-B (210 units per mg.) was examined in the ultracentri- 
fuge, and, as is apparent from Fig. 5, sedimented as a single broad peak 
with an s9 = 1.47 Svedberg units. There was no indication of any more 
rapidly sedimenting material. By employing the method of Archibald (7), 
a partial specific volume of 0.73 ml. per gm. being assumed, the molecular 
weight was estimated to be 10,000. This value represents only an approxi- 
mate molecular weight, since the examination was carried out only at a 
single dilution and the value for the partial specific volume was assumed 
and not experimentally determined. 

The purified PTH-B has a nitrogen content of 16.4 per cent (micro- 
Kjeldahl). When assayed for its ability to cause a fall in the concentra- 
tion of plasma inorganic phosphorus of normal rats 3 hours after injection, 
purified PTH-B was found to have an activity of approximately 220 units 


per mg. 
DISCUSSION 


The PTH-B prepared by zonal electrophoresis has a potency 8 to 10 
times that of any previously reported (1, 2), but only 2 to 2.5 times that 
of a partially purified PTH-A prepared by displacement chromatography 
(1). 

The sedimentation coefficient (1.47) and calculated molecular weight 
(10,000) reported here are higher than those calculated by Davies and 
Gordon (2) (se = 1.0 and molecular weight = 5000). However, their 
observations were carried out on a crude preparation similar to the start- 
ing material of the present study. Inasmuch as the active hormone repre- 
sents only 10 to 12 per cent of the protein content of these crude prepara- 
tions, the discrepancies among the data may be explained. The molecular 
weight of a preparation of PTH-A (75 to 100 units per mg.) calculated 
from ultracentrifugal data (sx. = 0.85) was reported as 4000 to 6000 (1). 
It would appear that PTH-A is probably a smaller molecule than PTH-B. 
Since the molecular weights reported are only approximate values, further 
data are necessary to establish this fact. 

Although the most highly purified PTH-B migrates as a single zone 
during electrophoresis in two acidic buffers, it has not been possible to 
extend these observations over a wider pH range because of the instability 
of the hormone in alkaline buffers. Even at pH 3.8, it is essential to 
include glycine in the buffer in order to stabilize the purified hormone. 
This was true in spite of the fact that the initial electrophoretic separation 
of crude PTH-B could be carried out in pyridine acetate, without glycine, 
without loss of hormonal activity. However, if the more purified PTH-B 
was run in pyridine acetate in the absence of glycine for a period of 48 
hours, there was complete loss of hormonal activity. The explanation 
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of these results, which at present seems reasonable, is that a substance 
is present in the crude PTH-B which stabilizes the hormone. This is 
separated from the hormone during prolonged electrophoresis with resulting 
inactivation unless glycine is present. The mechanism whereby glycine 
exerts this stabilizing effect is not known. 

It is of interest that the purified PTH-B causes both a fall in plasma 
phosphorus and a rise in serum calcium concentration, and that these two 
activities appear equivalent when commercial parathyroid extract is used 
asastandard. The present data suggest that a single substance is respon- 
sible for both types of biological activity. 


SUMMARY 


The purification of crude parathormone B (PTH-B) by means of zonal 
electrophoresis on polyvinyl chloride is described. The most active 
preparation obtained has a potency of approximately 220 units per mg. 
when assayed by two different methods. This purified PTH-B migrates 
as a single zone during electrophoresis, and sediments as a single peak 
during ultracentrifugation. It has a calculated molecular weight of 
approximately 10,000 and contains 16.4 per cent of nitrogen. 


The helpful advice of Dr. H. G. Kunkel, Dr. H. J. Muller-Eberhard, 
and Dr. W. H. Stein is gratefully acknowledged. The ultracentrifugal 
study and molecular weight calculations were kindly performed by Dr. E. 
Franklin. It is a pleasure to express my appreciation to Dr. R. M. Archi- 
bald for a critical reading of the manuscript. 
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A previous communication from this laboratory described the pyridine 
nucleotide-dependent reduction of the a-keto acid analogue of lysine to 
L-pipecolic acid catalyzed by preparations of mammalian liver (1). The 
reaction proceeded with either DPNH!' or TPNH and the enzyme prep- 
aration obtained from rat liver also catalyzed reduction of the a-keto acid 
analogue of ornithine and of glutamic acid-y-semialdehyde to proline. 
a-Keto-e-aminocaproic acid, the a-keto acid analogue of lysine, exists in 
solution in equilibrium with the cyclic form A!-piperidine-2-carboxylic 
acid (2); previous findings also indicate that a-keto-d-aminovaleric acid 
(2) and glutamic acid-y-semialdehyde (3) exist in equilibrium with A!- 
pyrroline-2-carboxylic acid and A'-pyrroline-5-carboxylic acid, respectively. 
The present report describes further experimental work on the enzyme 
system that catalyzes the formation of L-pipecolic acid (from A!-piperidine- 
2-carboxylic acid) and L-proline (from A!-pyrroline-2-carboxylic acid). 
This activity has been found in several animal and plant tissues, and a 
purified preparation of the enzyme has been obtained from rat kidney; 
studies with this preparation and other data indicate that A!-pyrroline-5- 
carboxylic acid and A'-pyrroline-2-carboxylic acid are reduced to L-proline 
by different enzymes. On the other hand, both A!-pyrroline-2-carboxylic 
acid and A'-piperidine-2-carboxylic acid appear to be reduced by the same 
enzyme. The available evidence suggests that A!-piperidine-2-carboxylic 
acid is an intermediate in the conversion of lysine to pipecolic acid. The 
role of A'-pyrroline-2-carboxylic acid in proline metabolism will be dis- 


cussed. 


* This investigation was supported in part by grants from the National Science 
Foundation, the National Heart Institute, National Institutes of Health, United 
States Public Health Service, and E. I. du Pont de Nemours and Company. 
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! Abbreviations are as follows: A'-piperidine-2-carboxylic acid, PIP-2-CA; A'-pyr- 
roline-2-carboxylic acid, PYR-2-CA; A'-pyrroline-5-carboxylic acid, PYR-5-CA; re- 
duced diphosphopyridine nucleotide, DPN H; reduced triphosphopyridine nucleotide, 
TPNH; flavin adenine dinucleotide, FAD. 


789 


790 L-PIPECOLIC ACID AND L-PROLINE 


EXPERIMENTAL 


Materials—PIP-2-CA and PYR-2-CA were prepared as the hydrobro- 
mides from the corresponding N-carbobenzyloxy derivatives as previously 
described (2). The a-keto acids were dissolved in potassium bicarbonate 
solution immediately before being used. PYR-5-CA was prepared by 
boiling + ,y-dicarbethoxy-y-acetamidobutryaldehyde (4) under a reflux 
with 6 N hydrochloric acid (3). 

DPNH was prepared from purified DPN as previously described (5), 
and enzymatically prepared DPNH was obtained from the Sigma Chemical 
Company; no significant differences were observed in our studies between 
the two DPNH preparations. TPNH was prepared from TPN (Sigma) 
by reduction with d-isocitrate and isocitric dehydrogenase (5).  d-Isoci- 
trate was obtained by alkaline hydrolysis of /-dimethylisocitrate lactone 
isolated from Bryophyllum calycinum leaves (6). When TPNH prepared 
by reduction with hydrosulfite (obtained from Sigma) was used, enzymatic 
reduction of PIP-2-CA and PYR-2-CA took place at about 20 per cent of 
the corresponding rates with TPNH prepared from Sigma TPN enzymatic- 
ally. Studies in which Sigma TPNH was added to DPNH suggested that 
the TPNH prepared with hydrosulfite inhibited the reaction. Enzymat- 
ically prepared TPNH was therefore employed in the present studies. 
Pyrrole-2-carboxylic acid and A!-pyrroline-4-hydroxy-2-carboxylic acid 
were obtained as described (7); picolinic acid was a product of the East- 
man Kodak Company. 


Enzyme Preparations 


Rat Kidney—10 gm. of fresh kidney were homogenized in a Potter- 
Elvehjem homogenizer with 30 ml. of ice-cold 0.1 M potassium phosphate 
buffer, pH 7.0, and the homogenate was centrifuged in a Spinco model L 
centrifuge at 144,000 X g at 2° for 2 hours. The clear supernatant solution 
was decanted and brought successively (at 5°) to 30, 40, 50, and 60 per cent 
of saturation with respect to ammonium sulfate by the addition of a satu- 
rated solution of ammonium sulfate adjusted to pH 7.0 with ammonium 
hydroxide. The precipitates obtained at 40 and 50 per cent of saturation 
were combined and dissolved in 10 ml. of cold 0.05 m potassium phosphate 
buffer, pH 7.0, and dialyzed for 12 hours at 5° against 20 volumes of the 
same buffer. A small inactive precipitate was removed by centrifugation 
and 0.45 ml. of calcium phosphate gel (100 mg. of dry weight per ml.) 
was added per ml. of dialyzed solution. The mixture was shaken gently 
at 26° for 30 minutes. After removal of the gel by centrifugation, the 
supernatant solution was lyophilized. 

Rat Liver—The rat liver preparation was obtained by a procedure similar 
to that employed for rat kidney. The supernatant solution obtained by 
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centrifugation at 144,000 X g was fractionated with ammonium sulfate 
and the precipitate obtained between 43 and 55 per cent of saturation was 
dissolved in buffer, dialyzed, and heated at 50° for 20 minutes. The solu- 
tion was cooled rapidly in ice and the precipitated protein was removed by 
centrifugation. The clear supernatant solution was lyophilized. 

Neurospora—A mutant strain of Neurospora crassa known to be blocked 
in the biosynthesis of proline between PYR-5-CA and proline (strain 
21863a) and the corresponding parent wild strain (strain 74a (8))? were 
grown on the Fries medium (9) containing 0.02 per cent L-proline. After 
incubation at 30° for 3 days, the mycelium was harvested, washed with 
distilled water, and frozen with dry ice. The frozen mycelium was treated 
with 5 volumes of ice-cold acetone in a Waring blendor for 3 minutes and 
the resulting homogenate was filtered rapidly; the acetone-insoluble 
material was placed in a vacuum desiccator over phosphorus pentoxide 
at 5° for 18 hours. The acetone powders were ground in a mortar with 3 
parts (by weight) of Alumina A-301 (Aluminum Company of America) 
and the mixture was then homogenized in a Potter-Elvehjem homogenizer 
with 10 volumes of 0.1 M potassium phosphate buffer, pH 7.0, at 5°. The 
homogenates were centrifuged in a Spinco model L ultracentrifuge at 
144,000 * g for 45 minutes at 2° and the resulting clear supernatant solu- 
tions were fractionated with ammonium sulfate. Solid ammonium sulfate 
(17.5 gm. per 100 ml. of supernatant solution) was added rapidly at 5° 
and the solution was allowed to stand at this temperature for 30 minutes. 
The resulting precipitate was removed by centrifugation and dissolved in 
the minimal quantity of 0.1 M potassium phosphate buffer, pH 7.0. The 
preparation was dialyzed against the same buffer at 5° for 18 hours before 
use. The mutant and wild strain preparations were processed at the same 
time in identical fashion. 

Plants—Phaseolus radiatus and Pisum sativum seeds were germinated 
in the dark for 48 hours. The germinated seeds were homogenized with 
20 volumes of ice-cold acetone in a Waring blendor and the mixture was 
filtered rapidly. The acetone-dried material was extracted with 5 volumes 
of cold 0.1 M potassium phosphate buffer, pH 7.0, in a Potter-Elvehjem 
homogenizer and the homogenates were centrifuged for 15 minutes at 
300 X g. : 

Mecthods—Pipecolic acid was determined as described by Schweet (10). 
The determination of proline was carried out by this procedure (10) and 
by that of Troll and Lindsley (11). Because PYR-2-CA gives color under 
the conditions of these procedures, it was destroyed by treatment with 
hydrogen peroxide (2) as follows. Aliquots of 0.3 ml. containing 0.05 to 
0.25 umole of proline and 0.05 to 2.0 umoles of PY R-2-CA were treated with 


? Cultures of the Neurospora were kindly donated by Dr. H. J. Vogel. 
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0.1 ml. of 0.2 m hydrogen peroxide. After 15 minutes, 0.1 ml. of a solution 
containing 50 units of crystalline catalase was added to destroy the per- 
oxide. The destruction of peroxide was complete within 15 minutes and 
the samples were then analyzed for proline. The recovery of proline in 
the presence of PYR-2-CA was 98 to 100 per cent under the experimental 
conditions employed in these studies. 


TABLE I 
Reduction of A'-Piperidine-2-Carborylic Acid, A'-Pyrroline-2-Carborylic Acid, and 
A'-Pyrroline-5-Carbozrylic Acid by Several Rat Tissues 


Homogenates* Centrifuged homogenatest 
Tissue 

PIP-2-CA | PYR-2-CA PIP-2-CA | PYR-2-CA | PYR-S-CA 
18.2 22.8 11.5 13.4 0.0958 
10.7 14.4 5.94 7.90 1.58 
4.26 6.71 2.34 3.34 1.82 
1.93 2.80 0.362 0.579 0.115 
Skeletal muscle............. 1.32 1.70 


* The reaction mixtures consisted of 0.1 ml. of homogenate (1 gm. of fresh tissue 
plus 2 ml. of 0.1 M potassium phosphate buffer of pH 7.0), 0.1 ml. of DPNH (4 wmoles) 
in phosphate buffer, and 0.1 ml. of PIP-2-CA or PYR-2-CA (2 umoles). The mix- 
tures were maintained at 37° for 10 to 60 minutes and subsequently analyzed for 
pipecolic acid or proline; the values are expressed as micromoles of imino acid formed 
enzymatically per hour per ml. of homogenate. 

t The reaction mixtures consisted of 0.05 ml. or 0.1 ml. of centrifuged homogenate 
(i.e. supernatant solution after centrifugation at 144,000 X g for 2 hours in a Spinco 
model L centrifuge), DPNH (0.15 umole), and PIP-2-CA (2 umoles), PYR-2-CA (2 
umoles), or pL-PYR-5-CA (4 wmoles) in a final volume of 1.0 ml. of 0.08 M potassium 
phosphate buffer of pH 6.1. The reaction was started by addition of substrate and 
the decrease in the absorption band at 340 my of DPNH was followed in a Cary re- 
cording spectrophotometer at 26°; values were calculated from the AD for the first 
60 to 180 seconds, and are expressed as micromoles of DPNH oxidized per hour per 
ml. of enzyme preparation. 


Results 


Formation of Proline and Pipecolic Acid by Several Rat Tissues—Homo- 
genates of a number of rat tissues were incubated with PIP-2-CA, 
PYR-2-CA, or PYR-5-CA and DPNH. As indicated in Table I, all of 
the tissues examined were capable of reducing these substrates as deter- 
mined by the appearance of proline or pipecolic acid. Fractionations of 
liver and of kidney carried out by the procedure of Schneider and Hoge- 
boom (12) revealed that most of the enzyme activity remained in the super- 
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natant fraction after high speed centrifugation. Studies with homogenates 
centrifuged at 144,000 x g for 2 hours were performed by means of a 
spectrophotometric technique which was based on the disappearance of 
the band at 340 my due to DPNH. In both sets of experiments the rela- 
tive rates of reduction of PYR-2-CA and PIP-2-CA were approximately 
the same. The ratios of the values for PYR-2-CA to those for PIP-2-CA 
were between 1.2 and 1.7. The values for the reduction of PYR-5-CA 
were not according to the pattern observed with PIP-2-CA and PY R-2-CA. 
These studies indicate that the kidney is the most active tissue in catalyz- 
ing the reduction of PIP-2-CA and PYR-2-CA and suggest that the system 


TABLE II 
Substrate Specificity of Liver and Kidney Preparations* 
Tissue preparation | PYR-2-CA PIP-2-CA | PYR-5-CA 
Liver 
| 0.255 | 0.158 | 0.142 
Supernatant solution....................... | 0.765 | 0.481 0.412 
Ammonium sulfate fraction................. | 7.23 4.18 | 2.61 
Kidney 
Supernatant solution....................... 3.8] 2.96 0.019 
Ammonium sulfate fraction................. 25.8 19.9 0.007 


* See the text for the description of tissue preparations. The values are expressed 
as micromoles of DPNH oxidized in the presence of substrate per mg. of protein 
nitrogen per hour at 26° as described in Table I. 


responsible for the reduction of PYR-5-CA is different from that which 
catalyzes reduction of PIP-2-CA and PYR-2-CA. 

Studies with Purified Liver and Kidney Preparations—Table Il sum- 
marizes the values obtained for the reduction of PYR-2-CA, PIP-2-CA, 
and PY R-5-CA by liver and kidney fractions, prepared as described above. 
The purification procedure brought about a 36-fold increase in the specific 
activities of the liver preparation toward PYR-2-CA and PIP-2-CA; the 
activity with respect to PYR-5-CA was increased 14-fold. A 60-fold 
purification was obtained with the kidney preparation for the activities 
responsible for the reduction of PY R-2-CA and PIP-2-CA; the activity of 
the kidney homogenate toward PYR-5-CA was very low, and this activity 
could not be detected in the final preparation. 
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Fic. 1. A, time-course of the reduction of PYR-2-CA and PIP-2-CA by the puri- 
fied kidney enzyme preparation at 26°. The reaction mixtures consisted of 0.2 
umole of PYR-2-CA (Curve 1) or PIP-2-CA (Curve 2), 0.25 umole of DPNH, and 
enzyme (20 7 of protein nitrogen) in 0.15 ml. of 0.05 m potassium phosphate buffer, pH 
6.1. Samples were analyzed at intervals for proline (@) or pipecolic acid (©) and, 
after dilution to 1 ml., were read at 340 my for determination of DPNH. B, pH- 
activity curves. The reaction mixtures consisted of reduced pyridine nucleotide 
(0.15 umole), keto acid (2 wmoles) and enzyme in a final volume of 1 ml. of 0.08 
potassium phosphate buffer (@) or 0.08 m sodium acetate buffer (O); 26°. Ordi- 
nate, change in optical density at 340 my per minute. Curve 1, DPNH, PYR-5-CA, 
purified liver enzyme; Curve 2, DPNH, PYR-2-CA, purified kidney enzyme; Curve 
3, TPNH, PYR-2-CA, purified kidney enzyme; Curve 4, DPNH, PIP-2-CA, purified 
kidney enzyme. C, effect of keto acid concentration. The reaction mixtures con- 
sisted of DPNH or TPNH (0.15 umole), keto acid as indicated, and purified kidney 
enzyme (13 y of protein nitrogen) in 1 ml. of 0.08 m potassium phosphate buffer, pH 
6.1; 26°. Curve 1, DPNH, PYR-2-CA; Curve 2, DPNH, PIP-2-CA; Curve 3, TPNH, 
PIP-2-CA. Ordinate asin B. D, effect of nucleotide concentration. The reaction 
mixtures consisted of keto acid (2 umoles), nucleotide as indicated, and purified 
kidney enzyme (13 7 of protein nitrogen) in 1 ml. of 0.08 m potassium phosphate buffer, 
pH 6.1; 26°. Ordinate as in B. Curve 1, DPNH, PYR-2-CA; Curve 2, DPNH, 
PIP-2-CA; Curve 3, TPNH, PIP-2-CA. £, reduction of PIP-2-CA to pipecolic acid 
coupled with oxidation of d-isocitrate by liver preparation (ammonium sulfate frac- 
tion). The reaction mixtures consisted of TPN (0.142 umole), potassium d-isocitrate 
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The time-course of the reduction of PYR-2-CA and PIP-2-CA by the 
purified kidney enzyme preparation is described in Fig. 1, A. Values for 
the disappearance of DPNH and the appearance of proline (or pipecolic 
acid) were in close agreement, and the reaction went to completion. The 
reduction of PYR-2-CA and of PIP-2-CA with both liver and kidney prep- 
arations exhibited a pH optimum of approximately 6. In contrast, the 
pH optimum for the reduction of PYR-5-CA was about 6.8. The pH 
optima were the same with DPNH and TPNH (Fig. 1, B). 

The effect of substrate and nucleotide concentration on the rate of re- 
duction was studied with the purified kidney enzyme (Fig. 1, C and D). 
The Michaelis constants for the reduction of PYR-2-CA (with DPNH), 
PIP-2-CA (with DPNH), and PIP-2-CA (with TPNH) were 8.6 « 10-5 
u, 6.0 X 10-5 mM, and 12.4 X 10-5 Mo, respectively (Fig. 1, C). 
The Michaelis constants for DPNH (with PYR-2-CA), DPNH (with 
PIP-2-CA), and TPNH (with PIP-2-CA) were 4.27 K 10-5 M, 7.4 XK 10-5 
m, and 3.82 < 10-5 M, respectively (Fig. 1, D). These values are of ap- 
proximately the same order of magnitude and indicate a relatively high 
degree of affinity for both substrate and nucleotide. 

The reduction of PIP-2-CA to pipecolic acid was coupled with the oxi- 
dation of d-isocitrate by using the ammonium sulfate fraction obtained 
from liver. This fraction exhibited significant isocitric dehydrogenase 
activity in the presence of manganese ions. As indicated in Fig. 1, E, ap- 
preciable formation of pipecolic acid was observed in the presence of iso- 
citrate, PIP-2-CA, and a relatively small quantity of TPN. 

Both PIP-2-CA and PYR-2-CA were stoichiometrically reduced in the 
presence of reduced coenzyme (Fig. 1, F). Within experimental error, 
the decrease in the absorption at 340 my was equivalent to the quantity 
of substrate added. Attempts to demonstrate DPNH and TPNH for- 
mation from the corresponding oxidized coenzymes and proline (or pipe- 
colic acid) were not successful. 


(4umoles), PIP-2-CA (7.5 umoles), MnCl. (1 wmole) and liver fraction (100 y of pro- 
tein nitrogen) in a final volume of 0.06 ml. of 0.05 m potassium phosphate buffer, pH 
7.0; 37°. Ordinate, formation of pipecolic acid. XX, valuefor an experiment carried 
out with 2 wmoles of d-isocitrate. F, Stoichiometric reduction of PIP-2-CA and 
PYR-2-CA by DPNH and TPNH. DPNH, the reaction vessel contained 0.056 
ymole of DPNH and 50 y of purified kidney enzyme protein nitrogen in 0.98 ml. of 
0.078 m potassium phosphate buffer, pH 6.1; 0.025 umole of PYR-2-CA was added at 
Point 1; 0.025 umole of PIP-2-CA was added at Point 2. TPN; the reaction vessel 
contained 0.12 umole of TPN, 1 umole of MnCl:, and liver enzyme preparation (am- 
monium sulfate fraction; 100 y of protein nitrogen) in 0.98 ml. of 0.078 mM potassium 
phosphate buffer, pH 6.8; 0.06 umole of d-isocitrate was added at point 3; 0.025 umole 
of PYR-2-CA was added at point 4; 0.025 umole of PIP-2-CA was added at point 5; 
l umole of d-isocitrate was added at point 6. Ordinate, optical density at 340 my 
(corrected for volume changes to 1.0 ml.); 26°. 
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The purified kidney preparation exhibited no activity with the following 
substrates: pyrrole-2-carboxylic acid, picolinic acid, 5-oxo-2-pyrrolidone- 
carboxylic acid, and A!-pyrroline-4-hydroxy-2-carboxylic acid. 

Studies with Plant Extracts—Preparations obtained from P. sativum 
and P. radiatus catalyzed conversion of PYR-2-CA and PIP-2-CA to pro- 
line and pipecolic acid, respectively, in the presence of DPNH. A detailed 
study of the plant tissues was not carried out; however, it was found that 
the activity of the plant extracts was of the same order of magnitude as 
that observed with rat liver homogenates. 

Studies with Microorganisms——As indicated in Table III, enzyme prep- 
arations obtained from a mutant of N. crassa blocked in biosynthesis of 
proline between PY R-5-CA and proline (8), as well as enzyme preparations 
derived from the corresponding parent wild strain, catalyzed the reduction 


TABLE 
Formation of Pipecolic Acid and Proline by Neurospora Preparations 
| Growth response | Enzymatic reduction* 
Source 
| Proline PYR-2-CA | PYR-5-CA PYR-2-CA PYR-S-CA)| PIP-2-CA 

Wid otraim............. | | | 0.680 0.540 0.640 
Mutant....... | 100 | | 0 0.716  <0.01 | 0.700 


umoles of pL-PYR-5-CA, 0.15 umole of DPNH, and 0.1 ml. of enzyme preparation in 
a final volume of 1.0 ml. of 0.067 M potassium phosphate buffer, pH 6.8; the values 
are given as micromoles of DPNH oxidized per hour at 26°. 

t Based on dry weight of mycelia formed relative to growth response to L-proline. 


of PYR-2-CA and PIP-2-CA. On the other hand, although the enzyme 


preparation obtained from the wild strain catalyzed significant reduction of , 


PYR-5-CA, no detectable conversion of PY R-5-CA to proline was observed 
with the mutant enzyme preparation (cf. Yura and Vogel (8)). It is of 
associated interest that the mutant strain exhibited a growth response to 
PYR-2-CA which was approximately 65 per cent of that observed with 
L-proline. 

Studies were also carried out with two proline-requiring auxotrophs of 
Escherichia colt with use of the medium of Davis and Mingioli (13). Mu- 
tant 55-1 (3),? which is known to be blocked between PYR-5-CA and pro- 
line, did not grow on basal media supplemented with either PY R-2-CA or 
PYR-5-CA (2). Mutant 55-25, which is blocked prior to PYR-5-CA in 
the biosynthetic sequence (3), exhibited a growth response to PYR-5-CA 
which was equivalent in magnitude to that observed with racemic proline, 


>The E. coli cultures were generously provided by Dr. B. D. Davis. 
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but it did not grow on PYR-2-CA. A mutant of Aerobactor aerogenes, 
isolated in this laboratory by the penicillin technique,‘ appeared to be 
similar to #. coli mutant 55-25 in that it responded to either proline or 
PYR-5-CA. However, in contrast to this /. coli mutant, the A. aerogenes 
mutant grew equally well when equimolar quantities of PYR-2-CA or of 
L-proline were present in the medium. 

Experiments were carried out with broken cell suspensions (prepared by 
sonic oscillation or by grinding with powdered glass) of the several strains 
of FE. coli and A. aerogenes in an effort to determine whether these prepara- 
tions could catalyze the reduction of PYR-2-CA, PIP-2-CA, and 
PYR-5-CA. Preparations obtained from the wild strains, F. colt mutant 
55-25 and the A. aerogenes mutant, catalyzed formation of proline from 
PYR-5-CA in the presence of DPNH, although EF. coli mutant 55-1 was 
not appreciably active. It is of interest that some proline was formed 
from PYR-5-CA in the absence of added DPNH, suggesting that reduced 
coenzyme was present in the preparation or possibly that another mecha- 
nism for the reduction of PYR-5-CA exists. Although proline and pipe- 
colic acid were formed from PYR-2-CA and PIP-2-CA, respectively (in 
the presence of DPNH), with preparations of all of the bacteria, the rates 
of imino acid formation were not appreciably greater than those of the 
corresponding non-enzymatic reactions (see below). The observation 
that the A. aerogenes mutant exhibited a growth response to PYR-2-CA 
suggests that it can catalyze conversion of this compound to proline; 
failure to demonstrate this in crude cell preparations may possibly be 
ascribed to the relatively low activity of this enzyme system or to compet- 
ing reactions. 

Optical Configuration of Enzymatically Formed Proline and Pipecolic 
Acid—That the proline and pipecolic acid formed by enzymatic reduction 
of PYR-2-CA and PIP-2-CA, respectively, were of the L configuration was 
established by the failure of the enzymatically synthesized amino acids to 
undergo oxidation by purified b-amino acid oxidase, under conditions 
whereby 50 per cent of the corresponding racemic mixtures was destroyed. 
Reaction mixtures containing enzymatically formed pipecolic acid or 
proline were deproteinized by addition of 3 volumes of ethanol and the 
ethanol extracts were.evaporated to dryness. The residues were treated 
with purified sheep kidney b-amino acid oxidase (14), FAD, and pyro- 
phosphate buffer, pH 8.3. The mixtures were shaken in air at 37° for 3 
hours. Analyses for proline and pipecolic acid were carried out before 
and after treatment with purified p-amino acid oxidase. There was no 
disappearance of imino acid under these conditions, although in control 
experiments with racemic proline and pipecolic acid there was a 50 per cent 


* Isolated by Phyllis Fraser Downey. 
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reduction in the concentration of imino acid. Although enzymatic re- 
duction of pt-PYR-5-CA to proline has been demonstrated previously 
(8, 15, 16), there are apparently no published data on the configuration of 
the proline formed. Studies carried out with b-amino acid oxidase as 
described above indicated that the product of the reduction of pL-PYR-- 
CA by preparations of liver and of F. coli is L-proline. In these experi- 
ments, it was necessary to separate the proline from PYR-5-CA by chro- 
matography inasmuch as the latter compound interferes with the 
determination of proline by the procedures employed. 

Non-Enzymatic Formation of Proline and Pipecolic Acid—-When 
PYR-2-CA and DPNH were incubated at 37° in the absence of an enzyme 
preparation, a relatively slow formation of proline was detected. Thus, 
0.187 umole of proline was formed in a mixture consisting of 2 umoles of 
PYR-2-CA and 4 umoles of DPNH in 0.3 ml. of 0.067 mM potassium phos- 
phate buffer at pH 6.2, in 2 hours at 37°. A similar experiment with 
PIP-2-CA gave 0.065 umole of pipecolic acid, whereas no proline was 
formed with PYR-5-CA. The non-enzymatic reaction took place most 
rapidly at pH values between 6.0 and 6.5. The proline formed in the 
absence of enzyme was shown to be racemic by the procedure described 
above. The non-enzymatic reaction did not take place at a measurable 
rate under the conditions employed in the spectrophotometric determina- 
tions. 


DISCUSSION 


The conversion of lysine to pipecolic acid has been demonstrated by 
- isotope tracer experiments in plants (17-19) and in the intact rat (20). 
There is also evidence for the conversion of lysine to PIP-2-CA by enzy- 
matic oxidation (2,21). The finding that the a-keto acid analogue of lysine 
exists in solution in equilibrium between cyclic and open chain forms (2) 
and the observation that the a-amino group rather than the e-amino group 
of lysine is lost in the conversion of lysine to pipecolic acid in the rat (20) 
suggest that PIP-2-CA is an intermediate between lysine and pipecolic 
acid. The present demonstration that PIP-2-CA is enzymatically re- 
duced to L-pipecolic acid by preparations of animal and plant tissues gives 
support to this hypothesis. That the reduction of PIP-2-CA to L-pipecolic 
acid proceeds to completion and our inability to demonstrate this reaction 
in the reverse direction suggest that the equilibrium of this reaction 
strongly favors pipecolic acid formation. These findings are consistent 
with observations which indicate that pipecolic acid cannot substitute for 
lysine in supporting the growth of rats (22) or Neurospora mutants (19). 
PYR-2-CA was reduced to proline by enzyme preparations obtained 
from rat tissues, higher plants, and Neurospora. Although present evi- 
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dence suggests that PYR-5-CA is an intermediate in the metabolism of 
proline in microorganisms and in mammalian tissues, it is possible that a 
pathway involving PYR-2-CA also exists. The finding that strains of 
N. crassa and A. aerogenes, genetically blocked in the synthesis of proline, 
can utilize PY R-2-CA for growth is compatible with the existence of such 
an alternative metabolic pathway. 

The enzymatic data described here indicate that PYR-5- CA and PYR-2- 
CA are reduced by different enzymes. This conclusion is supported by 
the markedly different activities observed with preparations of various 
animal tissues (Table I) and also by studies on the purified rat kidney 
enzyme preparation, which exhibited no detectable activity toward 
PYR-5-CA (Table II). In addition, preparations of the N. crassa mutant 
exhibited no detectable activity toward PYR-5-CA, whereas both 
PYR-2-CA and PIP-2-CA were reduced. The present data also lead to 
the tentative conclusion that PIP-2-CA and PYR-2-CA are reduced by the 
same enzyme. 


SUMMARY 


1. Preparations from rat liver, kidney, spleen, testis, heart, skeletal 
muscle, and brain, in the presence of reduced diphosphopyridine nucleotide 
(DPNH), catalyze the reduction of A'-pyrroline-2-carboxylic acid and 
A'-pyrroline-5-carboxylic acid to proline; these preparations also catalyze 
the reduction of A'-piperidine-2-carboxylic acid to pipecolic acid. Ex- 
tracts of Pisum sativum and Phaseolus radiatus also reduce A'-piperidine-2- 
carboxylic acid and A!-pyrroline-2-carboxylic acid to pipecolic acid and 
proline, respectively. 

2. A purified enzyme preparation was obtained from rat kidney that 
catalyzes the reduction of A'-pyrroline-2-carboxylic acid and A!-piperidine- 
2-carboxylic acid but not that of A'-pyrroline-5-carboxylic acid, picolinic 
acid, pyrrole-2-carboxylic acid, 5-oxo-2-pyrrolidonecarboxylic acid, or 
A'-pyrroline-4-hydroxy-2-carboxylic acid; the enzyme is active with both 
DPNH and reduced triphosphopyridine nucleotide (TPNH). The pH 
optima for the reactions and the Michaelis constants for the substrates 
and coenzymes have been determined. The reduction of A'-piperidine-2- 
carboxylic acid has been coupled with the oxidation of isocitrate in the 
presence of TPN. 

3. Enzyme preparations obtained from a mutant strain of Neurospora 
crassa, genetically blocked in the reduction of A'-pyrroline-5-carboxylic 
acid to proline, and the corresponding parent wild strain catalyze the 
reduction of A!-pyrroline-2-carboxylic acid and A'-piperidine-2-carboxylic 
acid. The N. crassa mutant and a proline-requiring mutant of Aerobacter 
aerogenes exhibit a growth response to A!-pyrroline-2-carboxylic acid. 


re- 
sly 

of 

as 

5. 
ri- 

0- 

he 

en 

s, 

of 

th 

he 
ed 

le 

a- 

y 
)). 

y- 

ne 

2) 

0) 
lic 

e- 

es 
lic 
on 
on 
nt 

or 

PC 


800 L-PIPECOLIC ACID AND L-PROLINE 


4. The imino acids formed by enzymatic reduction of A'-pyrroline-2-car- 
boxylic acid, A'-piperidine-2-carboxylic acid, and A'-pyrroline-5-carboxylic 
acid have been shown to be of the L configuration. 

5. Non-enzymatic reduction of A'-pyrroline-2-carboxylic acid and 
A'-piperidine-2-carboxylic acid by DPNH has been observed; these reac- 
tions exhibit a pH optimum between 6.0 and 6.5. Under similar condi- 
tions, A'-pyrroline-5-carboxylic acid is not reduced. 


BIBLIOGRAPHY 
1. Meister, A., and Buckley, 8. D., Biochim. et biophys. acta, 23, 202 (1957). 
2. Meister, A., J. Biol. Chem., 206, 577 (1954). 
3. Vogel, H. J., and Davis, B. D., J. Am. Chem. Soc., 74, 109 (1952). 
4. Moe, O. A., and Warner, D. T., J. Am. Chem. Soc., 70, 2763 (1948). 
5. Meister, A., J. Biol. Chem., 184, 117 (1950). 
6. Pucher, G. W., Abrahams, M. D., and Vickery, H. B., J. Biol. Chem., 172, 579 
(1948). 
7. Radhakrishnan, A. N., and Meister, A., J. Biol. Chem., 226, 559 (1957). : 
8. Yura, T., and Vogel, H. J., Biochim. et biophys. acta., 17, 582 (1955). | 
9. Ryan, F. J., Beadle, G. W., and Tatum, E. L., Am. J. Bot., 30, 784 (1943). } 
10. Schweet, R.8S., J. Biol. Chem., 208, 603 (1954). | 
11. Troll, W., and Lindsley, J., J. Biol. Chem., 216, 655 (1955). | 
12. Schneider, W. C., and Hogeboom, G. H., J. Biol. Chem., 188, 123 (1950). f 
13. Davis, B. D., and Mingioli, E. 8., J. Bact., 60, 17 (1950). g 
14. Negelein, E., and Bromel, H., Biochem. Z., 300, 225 (1938-39). P 
15. Smith, M. E., and Greenberg, D. M., Nature, 177, 1130 (1956). : 
16. Smith, M. E., and Greenberg, D. M., J. Biol. Chem., 226, 317 (1957). | 
17. Lowy, P. H., Arch. Biochem. and Biophys., 47, 228 (1953). t 
18. Grobbelaar, N., and Steward, F. C., J. Am. Chem. Soc., 76, 4341 (1953). t 
19. Schweet, R.S., Holden, J. T., and Lowy, P. H., J. Biol. Chem., 211, 517 (1954). u 
20. Rothstein, M., and Miller, L. L., J. Biol. Chem., 211, 851 (1954). 
21. Schweet, R.S., Holden, J. T., and Lowy, P. H., in McElroy, W. D., and Glass, 
B., Amino acid metabolism, Baltimore, 496 (1955). 
22. Stevens, C. M., and Ellman, P. B., J. Biol. Chem., 182, 75 (1950). 
W 
q 
tl 
tl 
al 
tl 
tu 


ti 
C 


9 


8, 
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When mammalian erythrocytes are incubated in the presence of meth- 
ylene blue, augmented oxygen consumption and glucose utilization occur 
as a result of activation of the hexose monophosphate oxidative pathway.! 
Thiamine pyrophosphate is an essential cofactor for transketolation of 
pentose to sedoheptulose (1), and erythrocytes of thiamine-deficient rats 
have exhibited impaired methylene blue-activated aerobic glucose metabo- 
lism (2). This defect was manifested by accumulation of pentose and 
failure of carbon atom 1 of pentose, the carbon atom 2 of the original 
glucose molecule, to recycle to hexose phosphate and to be recovered sub- 
sequently as COs. Since the first oxidative steps of the pathway were not 
inhibited, recovery of C-1 as COs was not affected appreciably, whereas 
the COs. derived from C-2 was reduced significantly. Availability of this 
thiamine-dependent enzyme system suggested an inquiry into the effect 
upon it of the thiamine analogues, oxythiamine and pyrithiamine. 


EXPERIMENTAL 


152 male albino rats ranging from 70 to 110 gm. were maintained in 
wire-bottomed cages and fed a purified thiamine-free, but otherwise ade- 
quate, diet? ad libitum. Rats were separated and administered daily 1 ml. 
intraperitoneal injections according to the following schedule: (1) twenty- 
three normal controls, thiamine hydrochloride,? 25 y in saline; (2) thirty- 
three thiamine-deficient controls, normal saline; (3) twenty-two test 
animals, oxythiamine,? 100 y in saline; (4) twenty-seven test animals, pyri- 
thiamine,? 350 y in saline; (5) twenty-three test animals, oxythiamine, 100 


* Public Health Service Research Fellow of the National Heart Institute. 
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y, plus thiamine hydrochloride, 25 ¥ in saline; (6) twenty-seven test animals, 
pyrithiamine, 350 y, plus thiamine hydrochloride, 25 y in saline. The 
rats were weighed three times weekly. 

Heparinized blood was obtained by cardiac puncture and centrifuged at 
2500 r.p.m. for 20 minutes. Plasma and buffy coat were removed, and 
packed erythrocytes were diluted to approximately 50 per cent in a phos- 
phate saline buffer, pH 7.4 (NaCl 0.115 m, KCl 0.004 m, MgCl, 0.005 m, 
NazHPO.w-NaH2PO, 0.020 m).!. A hematocrit reading was determined for 
each sample. 

The standard Warburg technique was used. Into the outer chamber 
of 10 ml. Warburg flasks were placed 0.4 ml. of prepared erythrocytes, 
0.1 ml. of 0.05 per cent methylene blue, 0.1 ml. of 10 mg. per ml. of solu- 


Mean Wot. (Grams) CONTROL Mean Wot.(Grams) 

CONTROL 
be (23 RaTS) 

AMINE, /OQug /d q 

XY THIAMINE, /OQug 

+ THIAMINE, 254g 
j ( 23 RATS ) 

THIAMINE 
DEFICIENT 

105 105- 33 RATS) 

PYRITHIAMINE , 350ug /doy 
390 + THIAMINE, 25,409. /doy 90 Ox /day 
( 24 RATS) 
75 75 [ PYRITHIAMINE , 35Qug./doy 

Days —+5 0 Doys 5 2 

1 2 


tion of C'4-labeled glucose, and 0.4 ml. of buffer, and into the center well 
0.2 ml. of 15 per cent KOH. The mixture was incubated at 38° for 3 
hours. The reaction was terminated by addition of 0.2 ml. of 100 per cent 
trichloroacetic acid and, after equilibration, radioactive CO: absorbed in 
the center well was precipitated as barium carbonate, plated, and counted 
in a Robinson flow counter. The contents of the outer chamber were 
transferred and diluted with 10 per cent trichloroacetic acid. Filtrates 
were analyzed for pentose by the iron-orcinol method as modified by Brin 
et al.’ 

Blood samples were incubated separately with glucose-1-C™ and glucose- 
2-C' 4 the specific activities of which had been determined by converting 


3 Brin, M., Shohet, S. S., and Davidson, C. 8., in preparation. 
4 Radioactive glucose-1-C'™ and glucose-2-C'™ were obtained from H. 8. Isbell, 
United States Bureau of Standards, Washington, D. C. 
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to osazones and plating and counting. The fraction recovered as CO, 
of counts added initially is represented as C-1 and C-2, respectively. 

We have found a linear relationship between 3 hour oxygen consumption 
and the final hematocrit reading of prepared erythrocytes between 45 and 
55 per cent, and figures for Qo, represent a correction to 50 per cent on 
the hematocrit reading. sy 

The effect of the antimetabolites in vitro was studied by incubation of 
prepared normal erythrocytes in similar reaction mixtures containing 5 mg. 
of oxythiamine or pyrithiamine. 


TABLE I[ 
Erythrocyte Metabolism in Normal and Thiamine-Deficient Controls* 
C-1 C-2 P - 
Days No. of experiments cent counts cent counts Qos, al. per mulation, 
Normal controls 
0-25 36 58.8 + 5.8 | 16.5 + 1.8 | 155 + 9 143 + 13 


Thiamine-deficient controls 


1-6 19 62.4+ 4.0) 17.524 1.0); 1582 8) 154+ 14 
7-12 20 60.4 + 4.7 | 14.64 1.1 1462 148 + 12 
13-19 24 60.1 + 5.0) 9.24 2.3) 127 171 + 12 
20-25 13 54.84 5.7) 4.84 1.1; 10+ 11 | 189+ ll 


Thiamine-deficient; addition of thiamine and 
cocarboxylase in vitro 


185 + 26 
174 + 21 


127 + 8 
123 + 3 


9.54 1.2 
9.0 + 1.0 


22-25 8 (Thiamine) 60.0 + 5.9 
22-25 | 8 (Cocarboxylase) 60.2 + 2.9 


* The figures represent the mean and one standard deviation for the number of 
experiments indicated. 


Cells of thiamine-deficient rats and rats treated with oxythiamine alone 
or in combination with thiamine also were incubated in the presence of 
thiamine hydrochloride (0.25 mg.) and cocarboxylase? (0.1 mg.). 


Results 


Growth—Group average growth curves are shown in Figs. 1 and 2. Thi- 
amine-deficient animals gained normally for 11 days and then began to 
lose weight. Oxythiamine-treated rats gained less rapidly for from 8 to 
10 days, after which loss of weight ensued. Pyrithiamine-treated rats 
never grew significantly, rapidly lost weight after 4 days, developed typical 
paralysis (3) in 8 or 9 days, and died within 24 to 36 hours after paralysis 
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was fully manifest. The rats treated with both oxythiamine and thiamine 
grew essentially as the normal controls, while addition of thiamine to py- 


TABLE II 
Erythrocyte Metabolism in Oxrythiamine-Treated Rats* 
C-1 recovery, per |C-2 recovery, per Ox Pentose accu- 
Days No. of experiments cent counts cent counts a, f - per | mulation, y 
added added - per flask 
Oxythiamine, 100 y per day 
l- 2 7 57.0 + 2.8 | 16.9 + 2.9 | 147 4 8 | 1382 + 10 
3- 6 18 55.1 + 4.6) 9.1 + 2.2) 1384 + 10 | 172 + 20 
9-12 10 46.524 5.2) 3.924 1.8 112 +4 13 | 201 + 11 
13-19 10 46.9+ 6.9) 3.824 2.0 105 + 18 | 210 + 32 


Addition of thiamine and cocarboxylase in vitro 


10-13 8 (Thiamine) 46.9+3.6 59+ 1.8 | 124 + 17 215 + 21 
11-13 8 (Coearboxylase) | 48.7 + 2.9) 5.9 +4 1.6 119 + 17 | 214 + 12 


Oxythiamine, 100 y per day + thiamine, 


25 y per day 
1- 2 5 59.0 + 3.0) 17.9 + 2.1, 1444 12 
3- 6 8 57.9 + 3.2 11.04 2.5 18324 6) 176 + 34 
9-12 10 51.8 + 3.5) 692 1.6 136 4 19 199 + 20 
25-27 6 4162+ 4.0) 3.34 1.6) 106 + 14 | 205 + 15 
Addition of thiamine and cocarboxylase in vilro ( 
11-13 8 (Thiamine) | 55.24 3.6 6.14 1.3/ 127+ 6/219 + 16 
11-13 8 (Cocarboxylase) 51.2 + 7.0 + 3.2 127 + 16 | 220 + 33 


| Oxythiamine, 100 y per day + thiamine, 
| 400 y per day 


14 6 7842.2 1294 15) 174 + 19 


Eo 


* The figures represent the mean and one standard deviation for the number of 


experiments indicated. 
( 

rithiamine failed to affect the growth curve, development of paralysis, and I 
survival. ( 
Erythrocyte Metabolism in Normal and Thiamine-Deficient Controls (Ta- ‘ 
ble I)—-Reproducible C-1 and C-2 recoveries as well as oxygen consump- t 


tion and pentose accumulation were observed when normal erythrocytes 
were incubated. After 13 to 19 days on a thiamine-deficient diet, C-2 \ 


ie 


of 


)- 


S. J. WOLFE 805 


recovery Was impaired, Qo, was reduced, and pentose accumulation in- 
creased, and a still greater metabolic defect was apparent after 20 to 25 
days. C-1 recovery was not influenced. Definite but incomplete cor- 
rection of the defect, particularly in terms of C-2 recovery, occurred upon 
incubation of deficient cells with both thiamine and thiamine pyrophos- 
phate. 

Erythrocyte Metabolism in Oxythiamine-Treated Rats (Table IIT)—Eryth- 
rocytes of oxythiamine-treated rats exhibited defective transketolation 
after only 3 to 6 days, about 7 days earlier than the thiamine-deficient 
controls. Although rats administered both oxythiamine and thiamine 
grew normally and appeared perfectly healthy, their erythrocytes devel- 
oped similar defects in 3 to 6 days, and after 25 to 27 days there was a pro- 


TABLE III 
Erythrocyte Metabolism in Pyrithiamine-Treated Rats* 


No. of | C-1 recovery, | C-2 recovery, 'Pentose accu- 
Days | experi- | per cent counts | per cent counts Qo, on 3|" mulation ¥ 
ments added added per flas 


Pyrithiamine, 350 y | 1- 2 8 | 56.7 + 2.0, 17.5 + a 153 + 7/1294 5 
per day 3-6; 17 | 57.7 3.6) 15.1 + 1.6) 146 + 11} 137 + 17 
9-12 | 21 | 58.7 + 4.8) 12.0 + 2.1) 1389 4 12) 164 + 26 

Pyrithiamine, 350 y | 1-6) 11 | 57.7 4 3.3) 16.4 4 2.2) 145 + 12) 136 + 14 
per day + thia- | 9-12) 15 | 60.4 + 4.6) 14.9 + 2.0) 1444 7) 155 + 14 
mine, 25 y per day 


* The figures represent the mean and one standard deviation for the number of 
experiments indicated. 


found diminution of C-2 recovery associated with depressed Qo.,, reduced 
C-1 recovery, and greatly increased pentose accumulation. Similar altera- 
tions occurred in erythrocytes of rats treated with as much as 400 y of 
thiamine in addition to the standard oxythiamine dose. -Incubation of 
oxythiamine-affected red cells with thiamine or cocarboxylase did not in- 
fluence C-2 recovery or other evidences of disordered glucose metabolism. 

Erythrocyte Metabolism in Pyrithiamine-Treated Rats (Table III)—A 
slight reduction in C-2 recovery and Qo, and an increase in pentose ac- 
cumulation were observed in pyrithiamine-treated rats after 9 to 12 days, 
by which time profound paralysis and inanition had evolved. Although 
concurrent administration of pyrithiamine and thiamine did not affect 
survival, erythrocytes of these animals exhibited perfectly normal me- 
tubolism for as long as the rats survived (12 days). 

Studies in Vitro (Table 1V)—-Incubation tn vitro of 5 mg. of oxythiamine 
with normal erythrocytes resulted in very slight, if any, depression of C-2 
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recovery and increased pentose accumulation. Pyrithiamine in vitro de- 
pressed both C-1 and C-2 recovery, reduced Qo,, but failed to affect pen- 
tose. 
TABLE IV 
Normal Erythrocyte, in Vitro Studies* 
Eight experiments were made for each agent. 


C-1 C-2 P 
added added , per 
Oxythiamine, 5 mg.............| 58.8 + 8.5 | 13.0 + 2.0 | 147 + 16 | 155 4 13 
Pyrithiamine,5 “............| 52.64 5.4 | 10.64 1274 10) 1414 9 


* The figures represent the mean and one standard deviation for the number of 
experiments indicated. 


DISCUSSION 


In experimental animals, both oxythiamine and pyrithiamine produce 
symptoms of thiamine deficiency which can be reversed by concurrent 
thiamine administration (3, 4). 

Oxythiamine administered to rats increases thiamine excretion, raises 
blood pyruvate and lactate concentrations (5), and reduces tissue cocar- 
boxylase content (6). Jn vitro, oxythiamine has no inhibiting effect on 
pyruvate decarboxylation or rat liver thiamine phosphorylase, although 
it inhibits cocarboxylase synthesis in a purified yeast system (7). The 
ester, oxythiamine diphosphate, will inhibit pyruvate decarboxylation (8), 
indicating that oxythiamine must be phosphorylated before antagonism 
occurs. 

Oxythiamine has now been shown to inhibit the erythrocyte transketo- 
lase system in vivo. Its failure to accomplish this in vitro probably results 
from the requirement of phosphorylated ester as active inhibitor. The 
inability of large doses of thiamine administered concurrently to prevent 
the oxythiamine effect indicates that simple competitive inhibition is not 
operative. This is further suggested by failure of incubation of thiamine 
and cocarboxylase in vitro with oxythiamine-affected erythrocytes to re- 
verse the metabolic defect, something that can be accomplished in eryth- 
rocytes from animals rendered thiamine-deficient by diet alone. The 


nature of this apparently irreversible antagonism has not been established — 


in this study. 

Pyrithiamine produces thiamine deficiency characterized by severe neu- 
ritic disturbances. It has been shown to inhibit phosphorylation of thia- 
mine by rat liver phosphorylase (7) and by chicken blood (9), and pyrithia- 
mine diphosphate will retard union of cocarboxylase with apocarboxylase 
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(9) but agreement upon its effects on the cocarboxylase system in vivo has 
not been universal (6, 9-13). Woolley and Merrifield (6, 9), finding that 
pyrithiamine-treated rats exhibited neither increased blood pyruvate nor 
a change in liver cocarboxylase content, concluded that pyrithiamine in 
vivo probably does not influence the cocarboxylase system and the decar- 
boxylation of pyruvate. Si 

Pyrithiamine had no effect on transketolation in vivo. The slight de- 
pression of C-2 recovery after 9 to 12 days probably represented the effect 
of thiamine-deficient diet alone, and small doses of thiamine given concur- 
rently completely protected red cell metabolism without preventing de- 
velopment of neuritis and death in the animals. Some alteration was 
noted from incubation in vitro of normal erythrocytes with pyrithiamine 
in amounts considerably higher than would prevail in vivo. This appeared 
to be a general depression of respiration since C-1 recovery was diminished 
as well as C-2, and Qo, was considerably reduced, whereas pentose accumu- 
lation was not altered. This division between effects in vivo and in vitro 
of pyrithiamine has been noted in other systems (6). 

The failure of pyrithiamine to affect erythrocyte transketolation despite 
induction of the typical neuritic syndrome in rats is further evidence that 
its antithiamine action involves some as yet unknown system in which 
thiamine may operate as a coenzyme. Oxythiamine on the other hand 
exhibits specific and irreversible effects on transketolation, suggesting its 
potential usefulness as a metabolic tool in studying other aspects of the 
hexose monophosphate oxidative pathway. 


SUMMARY 


1. The effect of oxythiamine and pyrithiamine administration upon rat 
erythrocyte metabolism has been studied and compared to that produced 
by dietary thiamine deficiency. 

2. Erythrocytes of rats administered oxythiamine exhibit defective 
methylene blue-activated glucose oxidation similar to that observed in 
thiamine-deficient animals. However, this effect could not be obviated 
by simultaneous administration of large amounts of thiamine, nor could it 
be reversed in vitro by incubation of oxythiamine-affected cells with thia- 
mine or cocarboxylase. 

3. Erythrocytes from pyrithiamine-treated rats did not exhibit altered 
glucose metabolism, although the animals developed neuritis and died. 


The authors wish to thank Dr. Stanley N. Gershoff, Assistant Professor 
of Nutrition, Harvard School of Public Health, whose original suggestion 
led to this study. The authors also wish to thank Miss Lois M. Betten 
for her technical assistance. 
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CAROTENOIDS IN MAN 
IV. CAROTENOID STORES IN NORMAL ADULTS* 


By DAVID H. BLANKENHORNf 


(From the Metabolism Laboratory of the Department of Medicine, University 
of Cincinnati College of Medicine, Cincinnati, Ohio) 


(Received for publication, July 22, 1957) 


This report deals with carotenoid stores and their distribution in normal 
man. Tor study of the metabolism of carotenoids it appeared desirable 
to obtain more information of tissue carotenoid concentrations than is 
presently available. The report of Thomson (1) furnishes values for depot 
fat, aortic wall, and whole adrenals, obtained from patients dying of various 
diseases. The concentration of carotenoids in normal and diseased livers 
has been reported by Ralli, Brandaleone, and Mandelbaum (2) and Will- 
staedt and Lindquist (3). In two adults the total stores of those carote- 
noids which can serve as precursors of vitamin A have been estimated to 
be 44.6 and 21.7 mg. (4). To extend these observations, carotenoid con- 
centrations found in the tissues of thirteen normal individuals have been 
determined and total carotenoid stores estimated. 


Materials and Methods 


Specimens were obtained at autopsy from four women, eight men, and 
a boy, selected because of a reasonable assumption that they had normal 
carotenoid stores. All were in apparent good health until immediately 
before death and all died of trauma except one who suffered the spontane- 
ous rupture of a congenital cerebral aneurysm and one who committed 
suicide with carbon monoxide gas. One individual survived 16 hours 
after injury; the remainder died in less than 2 hours. Post-mortem ex- 
amination was performed promptly on all. The particulars of each death 
are given in Table I, which lists the immediate cause and all additional 
gross or microscopic evidence of significant disease.' 

Specimens were frozen immediately and stored at a deep freeze tempera- 
ture until analysis of all tissues, which was performed on duplicate blocks 


* Supported by grants in aid from the American Heart Association and the Youngs- 
town Area Heart Association, Youngstown, Ohio. 

t Present address, University of Southern California College of Medicine, Los 
Angeles, California. 

' The assistance of Dr. Frank P. Cleveland, Assistant Coroner of Hamilton County, 
Ohio, Associate Professor of Pathology, Universit y of Cincinnati College of Medicine, 
is gratefully acknowledged. 
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or specimens. 
with two or more specimens of each tissue by the following procedure: 
after extraction, residual tissue was saponified with potassium hydroxide 


Individuals from Whom Specimens Were Obtained for Carotenoid Assay 


TABLE I 


CAROTENOID STORES IN NORMAL ADULTS 


The method of extraction used was shown to be complete 


Elapsed time 
Patient Age Sex Cause of death 
injury |mortem 
to death) exam- 
ina- 
tion 
yrs. hrs. Ars. 
G. W. 40 F. | Headinjury;subdural | Minimal fatty in- | 16 6 
hemorrhage filtration liver 
S. H. 34 - Suicide; carbon mon- | None | 14 
oxide poisoning 
E. C. 34 Laceration; carotid 0.25) 9 
artery 
J.A.S8. 25 = Suffocation Chronic pelvic in- | 1 28 
flammation 
C. T. 80 M. | Laceration; small ar- | Acute toxic hepati- | 2 16 
teries of neck tis 
J.C. 65 ‘* | Spontaneous sub- | Arteriosclerotic 1.5 6 
arachnoid hemor- heart disease 
rhage 
E.R. 53 ra Gunshot wound; fem- | None 0.5) 16 
oral artery 
M. B. 32 ee Laceration; jugular “ 1 21 
vein 
H. 31 Stab wound; heart 1 7 
H. D. 31 Skull fracture; cere- 1 4 
bral contusion 
J.S. 23 " Gunshot wound; aorta | Pulmonary tuber- | 0.5 | 16 
culosis; inactive; 
minimal 
W. J. 23 i ” wounds; | None 1 7 
heart, liver 
R. T. 6 3 Strangulation None 1 14 


F. = female; M. = male. 


in the cold under nitrogen until dissolution had occurred. Upon reextrac- 
tion with diethyl ether, no carotenoids were found. 

All depot fat specimens were taken from subcutaneous fat of the abdom- 
After extraction with petroleum ether (5), carotenoid and 
gravimetric total lipide determinations were performed on the extract. 


inal wall. 
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The results were expressed as carotenoids per gm. of total lipide and con- 
sidered to be a measure of the pigment content of subcutaneous fat minus 
fibrous tissue, non-fat cell solids, and water. All other tissues were thawed 
and treated as follows: any adherent capsule or adventitious fat was dis- 
sected away, after which representative blocks were cut and weighed. 
Tissue blocks were then ground with sodium sulfate and extracted with 
ethanol-petroleum ether as previously described for fresh specimens of 
aortic wall (5). 

Extracted pigments were chromatographed on microcolumns of alumina 
(5). Four fractions were eluted successively with hexane, acetone-hexane 
(2:100), acetone-hexane (20:100), and ethanol-hexane (8:100). Concen- 
tration of carotenoids was estimated from the optical density at 450 mu, 
measured in ethanol-hexane (2:100). Visible and ultraviolet absorption 
spectra were determined. In certain instances, saponification and re- 
chromatography of the acetone-hexane (20:100) fraction were performed 
to search for the presence of esterified carotenols. Chromatography was 
performed on extracts of all tissues assayed in this study. 

For routine analysis of total carotenoids in normal depot fat, normal and 
atherosclerotic aortas, and whole adrenals, chromatography may not be 
required because all pigments present in the original extract which absorb 
at 450 my have the spectral characteristics of carotenoids. With other 
tissues (liver, spleen, heart, kidney, skeletal muscle, and pancreas) this is 
not the case, and erroneously high values are obtained if carotenoid content 
is estimated from extracts not subjected to chromatography. When ex- 
tracts of these organs are chromatographed, the hexane eluate contains no 
recognizable pigment but does have an absorption at 450 mu. In addition, 
an unidentified yellow pigment not eluted from the column with ethanol- 
hexane (8:100) but eluted with ethanol-acetic acid (1:1) is present in 
normal liver and jaundiced depot fat. When liver, spleen, pancreas, 
skeletal muscle, heart, and kidney extracts are chromatographed, all 
pigments eluted from the column with acetone-hexane (2:100), acetone- 
hexane (20: 100), and ethanol-hexane (8:100) have the spectral character- 
istics of carotenoids, and during the study here reported only the pigment 
content of these fractions was measured. 

The assay methods described did not prove applicable to brain tissue 
because of substances producing emulsions and turbid solutions, or to 
lung tissue because of interfering pigments, but it could be established 
that only trace amounts of carotenoids can be present in either organ. 


Results 


Tissue concentrations of total carotenoids are shown in Table II. Aver- 
age tissue concentrations do not differ significantly in men and women 


812 CAROTENOID STORES IN NORMAL ADULTS 
(P > 0.01) although the variability encountered in the carotenoid content 
of certain organs is significantly greater in women than in men, as noted f 
in Table I. f 
TABLE II 
Concentration of Total Carotenoids in Tissue ‘ 
— 
Depot fat, U 
Patient Y total Liver | Spleen) Heart€ 
lipides 
1, W. F. 2.07 2.31 | 1.14 | 0.26 | 0.32 0.25 
S. H | 18.36 27.30 | 4.31 | 1.46 | 1.54 
| 9.38* | 10.80 | 5.48 | 0.58 
5.49* 4.45 0.83 
C. T M 4.58 5.31 | 3.54 | 0.38 
J.C «« | 10.84 5.05 | 1.46 | 0.44 
Kc. R 6.68 7.56 0.40 | 0.35 | 4.50 27.0 
M. B 2.517 | 10.18 0.15 
| 11.85" 4.35 | 2.90 | 0.44 | 
H. D 9.20 7.35 6 | 0.35 | 
J.5S ‘* | 16.10 7.16 | 3.11 | 0.36 | 
W. J 7 6.01 4.24 0.27 | 0.32 1.76 0.06 18.2 
R. T. (boy) M.| 6.99 3.36 | 5.51 | 0.42 | 0.69 
Average........ F. | 8.82 11.22 | 2.94 | 0.77 
7.0 11.3f | 2.3§ | 0.6) 
Average..........M.| 8.47 6.39 | 2.95 | 0.35 f 
See 4.4 2.0 0.9 | 0.1 1 
Total average. 8.46 7.64 | 3.20 0.46 | 0.64 ue 
Total | 
4.9 6.4 1.7 | 0.5 
17. 
F. = female; M. = male. S.D. = standard deviation. 
* Triplicate determinations on homogenized fat. | 
+t Duplicate determinations on homogenized fat. ho 
t F ratio, women to men, = 31, P < 0.01. for 
§ F ratio, women to men, = 6.6, P < 0.05; > 0.01. ave 
|| F ratio, women to men, = 41, P < 0.01. to 
€ Microgram per gm. of wet weight. 4 
The major site of carotenoid storage in normal man is depot fat. The fat 
second largest carotenoid depot is found in liver. Total carotenoid stores | 4 
calculated for six men and four women are shown in Table III. Depot ] | , 
fat stores are calculated from Table II and the estimated body fat mass. | !d 
Total fat mass for each individual is estimated from total body weight fra 
determined at autopsy and Tables I to VII of BroZek (6) and BroZek, | #™ 
Chen, Carlson, and Bronezyk (7) for relative body fat content of normal | 0 
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men and women. ‘Total carotenoids are not estimated for two men, aged 
65 and 80, and the boy, aged 6, fecause of uncertainty as to relative body 
fat content at these ages. Liver storage is estimated from Table II and 
liver weights are determined at autopsy. ‘Tissue stores other than liver 
and depot fat are omitted from these estimates because, if error in esti- 
mating the fat mass of each individual does not exceed 10 per cent, sites 
of carotenoid storage other than depot fat and liver can contribute little 
to total carotenoid stores. The values termed “‘approximate total carote- 


TABLE III 
Storage of Total Carotenoids and Vitamin A Precursors 
Total carotenoid storage 
Li 
Patient A weight A 
Liver | Total Depot fat} Liver 
stores store stores storage* stores stores 
kg. kg. gm. mg. mg. mg. mg. meg. mg. 
G. W. F. | 62.1 | 21.4 | 1815 | 44.3 | 4.2) 48.5 62.1 9.8 1.1 
8S. H. ** | 48.9 | 14.9 | 1650 | 274 45.0 | 319 292 99.2 19.2 
E. C. * | 63.5 | 19.3 | 1060 | 181 11.4 | 192 199 30.7 4.1 
J.A.S. * | 69.8 | 18.4 | 1830 | 101 8.1 | 109 119 18.2 2.4 
E.R. M. | 77.1 | 19.2 | 1765 | 128 13.3 | 141 140 18.4 2.2 
M. B. * | 70.4 | 11.4 | 1620 | 28.6) 16.5) 45.1 40.8 6.6 5.2 
EK. H. ** | 87.1 | 14.1 | 2285 | 167 9.9 | 177 179 28.3 3.1 
H. | 56.7 9.2) 1850 | 84.5 | 13.6) 98.1 96.7 22.4 6.8 
J.S. * | 81.6 | 10.9 | 1725 | 176 12.4 | 188 188 69.1 6.5 
W. J. “ | 58.5 7.8 | 1510 | 46.9 | 6.4 53.3 59.1 16.3 2.3 


F. = female; M. = male. 
* A constant value for liver carotenoids has been added to depot fat stores; women, 
17.8 mg.; men, 12.2 mg. 


noid stores”? could be estimated during the subject’s life. A constant value 
for liver carotenoids (estimated separately for men and women from 
average liver weight and average liver carotenoid concentration) is added 
to the estimate of total body carotenoids in depot fat. Storage of vitamin 
A precursors is calculated from values for carotenoid Fraction 1 of depot 
fat and liver. The major components of this fraction are a- and 6-carotene 
and their isomers. 

The mixture of carotenoids encountered in the various organs of one 
individual contains the same component pigments. The spectra of all 
fractions from all tissues of three men (J. S., E. R., and W. J.) were ex- 
amined in detail. When extraneous non-carotenoid pigments were re- 
moved by chromatography, the spectra obtained did not differ from organ 
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to organ and were not significantly different from those previously pub- 
lished for serum, depot fat, and aortic wall, except as noted below. All 
the tissues of these men were examined for the presence of esterified carot- 
enols and all were found to contain esters in small amounts. It was not 
determined whether these were diesters or monoesters. 

Although the same carotenoids appear to occur in all carotenoid-bearing 
organs of one individual, no simple relationship is apparent in the amounts 
present at various sites. When the concentration of total carotenoids 
per gm. in any tissue is plotted against that found in any other tissue, an 
apparently random scatter results. These plots do not appear less random 
when values for men and women are separated. Individual carotenoid 


TABLE IV 
Carotenoid Fractions; Liver and Depot Fat 


Women Men Boy 


Fraction 
No. 


S. H. LAS, J.C. MB.) EH.) J.5. R. T. 


Liver, y per gm. wet tissue 


I | 0.60) 11.61) 3.84) 1.33 | 1.33) 2.00) 1.23) 3.22 1.35) 3.67 3.77, 1.54) 1.32 
II 1.30| 13.10 5.10 2.21 | 3.20 1.82 4.18) 4.86 1.83) 2.34) 1.88) 1.84) 1.26 
III | 0.42 2.60 1.86 0.95 | 0.77, 1.21) 2.08 2.03 1.10 1.34 1.46) 0.89 0.80 

Fat, y per gm. total lipide 

I | 0.46) 6.66, 1.59 0.99 | 1.34 3.00 0.96 0.58 2.01| 2.44 6.34 2.09 1.43 
II | 1.12 6.54) 4.41) 2.63 | 2.44. 5.79 4.17) 1.34 5.45) 4.47) 5.57) 2.49) 3.74 
III | 0.48) 5.25) 3.37) 1.81 | 0.80 1.98) 1.50 0.56 4.26) 2.33) 4.56) 1.40) 1.80 


fractions of liver and depot fat are shown in Table IV. When the con- 
centration of any fraction or combination of fractions in liver is plotted 
against that of depot fat, an apparently random scatter results. The 
variability of total carotenoid content in female liver specimens appears 
to be due to variance in Fractions I and II. 

A carotenol with one spectral maximum at 500 to 505 my (that at the 
longest wave length) was found in sufficient amounts to alter the spectrum 
of Fraction III in adrenal (FE. R. and W. J.) and depot fat (W. J.). None 
of the carotenols previously reported as constituents of Fraction 3 in 
depot fat, serum, or aortic wall (5) (eryptoxanthin, lutein, zeaxanthin, and 
capsanthin or capsorubin) would appear to account for this finding. This 
pigment may be lycoxanthin or lycophyll, but it has not been isolated in 
sufficiently pure state for definite identification. This pigment was found 
in smaller amounts in other tissues. In the adrenal and pancreas of E. R., 
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and in the adrenal, kidney, liver, and pancreas of E. J., it was present as 
a major component of the ester fraction. 


DISCUSSION 


In normal man, the fat depot contains approximately 85.per cent of 
stored carotenoids, the liver contains approximately 10 per cent, and only 
a small amount is found elsewhere. The average total carotenoid content 
of abdominal wall depot fat is 8.4 + 4.9 y per gm. of total lipide. The 
average total carotenoid concentration in liver is 6.3 + 2 y per gm. of 
fresh tissue. A greater concentration than in depot fat and liver is found 
in the adrenals and somewhat lesser concentrations in spleen and pancreas. 
Although these sites do not contribute significantly to total stores, they 
may have unrecognized importance in the metabolism of carotenoids. 
The carotenoid content in the visceral organs of four women shows greater 
variability than that found in the visceral organs of eight men. 

Depot fat appears to be the tissue best suited for study of carotenoids 
in living man. Biopsy of depot fat would yield information as to the major 
constituents of the pigment mixture present in other tissues, but would 
not allow an exact prediction of the carotenoid concentrations present. 
Biopsy of depot fat combined with measurement of body fat mass by one 
of several means (8) would yield a satisfactory estimate of total carotenoid 
stores. All other depot sites could be neglected and a constant value as- 
signed to liver storage without introducing serious error. Preliminary 
unpublished observations indicate that abdominal wall subcutaneous fat 
can be considered representative of the other fat depots in normal man, 
but further information as to the error encountered in sampling this depot 
and the interrelationship of fat depots is required. It would seem likely 
that a suitable sampling procedure could be devised to yield an estimate of 
carotenoid content of depot fat as reliable as measurement of total body 
fat mass in living man. 


SUMMARY 


1. The concentration of total carotenoids in normal human tissues is 
reported. 

2. Estimates are given for total carotenoid storage and storage of vita- 
min A precursors in normal man. 


The author wishes to express his thanks to Mrs. Agnes Galaway for her 
expert technical assistance. 
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THE EFFECTS OF NUCLEOSIDES ON PHOSPHATE AND 
PENTOSE METABOLISM IN ERYTHROCYTE GHOSTS 


By FABIAN J. LIONETTI, WILLIAM L. McLELLAN, Jr., ano 
BURNHAM 8S. WALKER* 


(From the Department of Biochemistry, Boston University School 
of Medicine, Boston, Massachusetts) 


(Received for publication, April 5, 1957) 


Erythrocyte ghosts have been found to be peculiarly useful for the study 
of the metabolism of nucleosides (1, 2). Preparations made by osmotic 
hemolysis were found to be unable to metabolize glucose. Adenosine, 
however, caused a disappearance of inorganic phosphate from ghost 
plasma suspensions with an equivalent production of organic acid-soluble 
ester phosphate. There was a simultaneous disappearance of nucleoside 
pentose. The data reported here extend the previous study to include 
other nucleosides and to measure some comparative effects of erythrocytes 
with those of ghosts. Further evidence for the metabolic utilization of 
inorganic phosphate by the ghosts is provided by measurements of the 
activation energy of inorganic phosphate disappearance from ghost plasma 


suspensions. 
EXPERIMENTAL 


Properties of Ghosts—Ghost suspensions were made and equilibrated 
essentially asdescribed previously (1). Ghostssoprepared were morpholog- 
ically intact and relatively free from debris although heterogeneous in 
size and pigmentation. These were reconstituted with plasma to give 
cell counts (B phase contrast, 430 X) of about 5 X 10° cells per c.mm. 
The packed cell volume was determined by sedimentation of the suspension 
in capillary hematocrit tubes for 10 minutes at 12,000 X g. The mean 
corpuscular volume, determined from many experiments under optimal 
conditions of cell counting (two chambers, two calibrated pipettes), 
was 56 + 1.7 cu.u. In obtaining this value, the trapped plasma in the 
packed cell mass was estimated at 5.7 + 0.7 per cent with I'*!-labeled 
albumin dialyzed with agitation against 0.165 m KI for 4 hours. The 
capillary hematocrit tubes were scratched with a diamond and broken at 
the cell-plasma interface. The cell and plasma fractions were ground 
separately in test tubes containing 2 ml. of water and the radioactivity 
was counted in a well type scintillation counter. The mean corpuscular 
hemoglobin was 6.4 + 1.6 wugm. per cell, or 21.5 per cent of the hemoglobin 


* Present address, The Burbank Hospital, Fitchburg, Massachusetts. 
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content of the intact cells from which the ghosts were made. In fifteen 
experiments, glucose utilization by ghosts suspended in plasma was meas- 
ured as reducing sugar present in barium hydroxide filtrates (3). The 
quantities of glucose which disappeared from the medium were found to 
be insignificant (8 ymoles of glucose per hour per 10” cells). The standard 
error was 7.2 with a ‘‘t’’ of 1.11, and P >0.2. For whole blood free from 
white cells, the glucose utilized was 176 uwmoles per hour per 10” cells 
(with a standard error of 6.0). 

Cell-free hemolysates were obtained by osmotic hemolysis with 6 volumes 
of water, rendered isotonic with 1 volume of hypertonic NaCl solution, 
and made free from ghosts by centrifugation at 2300 X* g for 40 minutes 
at 4°. 

Equilibration Technique—Ghost plasma suspensions and whole blood 
free from white cells were incubated with substrates at 37° in 100 ml. 
silicone-treated flasks under 5 per cent CO,.-95 per cent Oz for 4 hours at 
shaking rates of 50 to 60 oscillations per minute. Phosphate was added 
as 0.1 Mm NasHPO,-KH2PO, buffer (pH 7.4). Nucleosides were dissolved 
in plasma which had been equilibrated to 37°. In experiments with ra- 
dioactivity, P®? as NaH2P®Q, in Sgrenson phosphate buffer was added to 
give a final concentration of 0.5 wc. per ml. of cell suspension. In all of 
the experiments the intact cells and plasma were 1 day old and the ghosts 
were prepared from fresh blood, kept at 4° overnight, and used the fol- 
lowing day. Cell counts were made on samples from each flask within 1 
hour after the start and again before the end of each experiment. He- 
matocrits (capillary technique) and hemoglobin measurements on 0.2 
ml. aliquots were taken at hourly intervals. In the experiments with 
radioactivity, plasma was separated by centrifugation at 2°. 


Methods 


The analytical methods were the same as those presented previously 
(1). Unless otherwise given, all analyses were made on filtrates (1:10) 
of the cell suspensions made with 10 per cent trichloroacetic acid. 


Results 


Phosphate Uptake by Erythrocyte Ghosts—As reported with adenosine 
(1), inosine (Fig. 1, A) and guanosine (Fig. 1, B) stimulated the disap- 
pearance of inorganic phosphate from ghosts and erythrocytes suspended 
in plasma. On a cell for cell basis, stimulation of phosphate uptake by 
inosine showed the ghosts to be more effective than the red cells, as 
had also been observed with adenosine. Whether or not guanosine 
differed significantly from either inosine or adenosine was not readily 
determined. The ghost-free hemolysate from 10" erythrocytes was found 
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to esterify more than twice the amount of phosphate than that of 
either ghosts or erythrocytes (1.4 wmoles with inosine and 1.2 yumoles 
with guanosine). 

The phosphate exchange between cells and plasma with P*-labeled 
phosphate as influenced by inosine is demonstrated in Fig. 2. Inosine 
effected a steady state of exchange of phosphate between either red cells 
or ghosts and plasma, whereas the specific activities of phosphate without 
inosine declined in the plasma during the same interval. The decreases 


GHOSTS 


[MOLES PO, / 10" CELLS 


[LLMOLES PO, / CELLS 


R.B.C. & GUANOSINE 


l 
2 3 fe) 2 3 4 


TIME ( HOURS) TIME ( HOURS) 

Fic. 1. The effect of inosine and guanosine on the disappearance of inorganic 
phosphate from whole blood and ghost plasma suspensions. A, the effect of inosine. 
Red cells (®) and ghosts (@) were incubated at 37° with inosine (8.4 mm) and 2.0 
mM phosphate. The average pH was 7.4 + 0.05 for red cells and 7.5 + 0.05 for ghosts. 
The red cell (@) and ghost (O) controls contained 2.0 mm phosphate but no inosine. 
The average pH for the red cell control was 7.4 + 0.05 and for the ghost control, 
75+ 0.05. B, the effect of guanosine. The red cells (©) and ghosts (@) were incu- 
bated at 37° with guanosine (10.0 mm) and phosphate (2.0 mm). The average pH 
during the incubation was 7.4 + 0.05 for red cells and 7.5 + 0.05 for ghosts. The red 
cell (@) and ghost (O) controls contained (2.0 mm) phosphate but no guanosine. 
The average pH was 7.4 + 0.05 for red cells and 7.1 + 0.05 for ghosts. 


al 


in specific activities of inorganic phosphate without nucleoside are ap- 
parently due to a breakdown of cellular ester phosphate, followed by dif- 
fusion out of the cell and subsequent dilution of the radioactive phosphate 
of the plasma. As was found with adenosine (1), inosine favored the 
influx of phosphate into both ghosts and erythrocytes and retarded the 
decomposition of the cellular ester phosphate during the equilibration 
interval. Appreciable quantities of radioactive ester phosphate were found 
to diffuse from the ghosts into the plasma when incubated with inosine. 
Measured as the difference between total acid-soluble ester phosphate and 
inorganic phosphate, these amounted to 24 per cent in the Ist half-hour 
and 43 per cent in 4 hours of the total amount of inorganic phosphate 
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(3.43 umoles per ml. of plasma) which disappeared from the plasma. The 
specific activities of inorganic phosphate of the plasma, for ghosts and ino- 
sine, were computed, therefore, by multiplying the counts per minute per 
micromole of phosphate by the fraction of inorganic phosphate present in 
the total acid-soluble ester phosphate of the plasma. 

Dependence of Phosphate Uptake upon Temperature—To confirm the 
metabolic nature of the phosphate exchange in ghosts, kinetic experiments 


GHOST & INOSIN 


— 


GHOST 


R.B.C. & INOSINE 


R.S.A. OF PLASMA LP. 
CPM/ [UM PO, 


| 
| 3 a 


TIME ( HOURS ) 

Fic. 2. The effect of inosine on the exchange of inorganic phosphate between 
erythrocytes or ghosts and plasma. R.S.A. is the relative specific activity of phos- 
phate as counts per minute per micromole of inorganic phosphate, normalized to an 
added P*? count of 1 X 105 counts per minute per ml. of blood and a cell count of 
4X 10* pere.mm. Ghosts and inosine (X), ghosts (O), red cells and inosine (), 
and red cell control (@) were incubated under the conditions given in Fig. 1. The 
curve for ghost and inosine has been obtained by use of the expression, total 
counts per minute per ml. of plasma/micromoles of inorganic phosphate per ml. of 
plasma X fraction of inorganic phosphate in the total acid-soluble phosphate of 
the plasma filtrate. 


were run at four temperatures between 27—47°. Samples were withdrawn 
at 15 minute intervals for the 1st hour and at 30 minute intervals for 
the next 2 hours. Rate constants for the reaction were calculated for the 
lst 1.5 hours of the reaction. During this time, the reaction followed 
first order kinetics, giving velocity constants (k) equal to 2.303 times the 
slope, when log Co/C; was plotted against time (Co was the concentration 
at time, zero, and C; was the concentration at time, ¢#). The energy of 
activation (£) was calculated from the Arrhenius equation d In k/dT = E/ 
RT? by plotting log k against 1/7 from which the slopes of the lines gave 
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—2.30 H/R (Fig. 3). The energies of activation for phosphate uptake 
by red cells, ghosts, and hemolysates with inosine were found to be 28,000, 


HEMOLYSATE 


7) 
RED CELLS 4 
x 
aL 
3) 3.2 3.3 O 3 4 
x 10° TIME (HOURS) 
Fic. 3 Fia. 4 


Fic. 3. The effect of temperature on the inosine-stimulated phosphate uptake in 
the red cell and components. The first order reaction velocity constant, k, was 
calculated during the 14 hours of the equilibration. 7 is the absolute temperature. 
Red cells (@) were incubated as described previously. The average pH was 7.3 
and the average cell count was 4.7 X 10° per c.mm. Ghost plasma suspensions (O) 
had an average pH of 7.2 and an average cell count of 4.5 K 10® per c.mm. Cell-free 
hemolysates (A) were made by osmotic hemolysis with 6 volumes of water per 
volume of packed erythrocytes. The mixture was allowed to stand with occasional 
stirring for 20 minutes at room temperature. It was made 0.15 mM to NaCl with 1 
volume of concentrated NaCl, and made free from cells (microscopic examination) 
by centrifugation for 50 minutes at 2° and 2700 X g. 35 ml. of hemolysate were added 
to 15 ml. of plasma. The phosphate uptake as micromoles in hemolysate from 10! 
erythrocytes was calculated as follows: micromoles of inorganic phosphate per ml. 
of hemolysate X 50/35 X 7/1 X 87 = micromoles of inorganic phosphate per 10!” 
cells, where 87 X 10"? c.em. = mean corpuscular volume of erythrocytes. The av- 
erage pH was 7.3. In all the experiments the final concentration of inosine was 11 
mM and phosphate 2.0 mm. 

Fic. 4. The influence of nucleosides on pentose metabolism in ghost-plasma sus- 
pensions. (, guanosine; @, inosine. The conditions are the same as those given 
in Fig. 1. 


19,000, and 9000 calories per mole, respectively. At 47° the phosphate 
exchange was kinetically first order in the Ist hour, permitting reliable 
calculations of the rate constant. 

Metabolism of Nucleoside Pentose—The effects of nucleosides on pentose 
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metabolism in ghosts are indicated in Fig. 4. Appreciable amounts of 
nucleoside pentose were observed to metabolize in 4 hours as there were 
decreases in the chromogen with orcinol, although no significant differences 
existed among the nucleosides tested. ‘The magnitude of pentose metab- 
olism in ghosts was comparable to that in erythrocytes (Immole per 10" 
erythrocytes for inosine in 4 hours). The pentose metabolized by cell- 
free hemolysates greatly exceeded that in the cellular components (1.3 
mmoles for inosine and 2.3 mmoles for guanosine, respectively, in 4 hours 
by the hemolysate from 10" cells). The color reaction for pentose was 
determined on the entire acid-soluble fraction after 40 minutes of heating 
at 100°. Spectra in orcinol showed a single peak at 670 muy in all cases. 
This indicated that there was no contribution to the pentose color by hep- 
toses. The absence of heptose was also confirmed by the colorimetric 


TABLE I 


Effect of Concentrations of Inorganic Phosphate on Rate of Nucleoside Pentose 
Metabolism in Erythrocyte Ghosts 


The values are given in micromoles per 10" cells. 


a , Inorganic phos- | Moles inorganic 

6-29a 1260 120 120 30 0.28 
6-29¢ 1320 960 660 440 0.66 
6-29d 1460 2750 980 1100 1.12 
6-29e 1280 3730 820 880 1.07 


Erythrocyte ghosts were incubated with inosine and inorganic phosphate at 37°. 


methods of Dische (4). The measurement of the decrease in nucleoside 
pentose with orcinol reagent is feasible because relatively overwhelming 
amounts of nucleosides were present. The amounts of nucleoside pentose 
added were of the order of 10 uwmoles per ml., whereas pentoses normally 
present were 1.4 wmoles per ml. of red cell suspension, 0.5 umole per ml. of 
ghost suspension, and 0.1 umole per ml. of hemolysates. The value for 
the metabolism of nucleoside pentose (Fig. 4) is minimal. For example, 
conversion of nucleoside pentose to ketopentose would cause a decrease in 
absorbancy, due to a smaller extinction coefficient of the orcinol chromogen 
of the ketopentose. 

Correlations of ribose utilization with inorganic phosphate disappearance 
are made in Table I. When sufficient phosphate is present, the ratios of 
the amounts of inorganic phosphate esterified to pentose metabolized show, 
for ghosts, that nucleosides effect the interaction of 1 mole of phosphate 
per mole of pentose. The ratio was dependent upon the amounts of ex- 
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tracellular phosphate and reached a limiting value of approximately 1 
at 2.75 mmoles of phosphate per 10” cells (Experiment 6-29d). Further 
increases in phosphate were not more effective. Increase of inosine from 
approximately 1460 to 3000 umoles per 10” cells increased the pentose 
metabolized from 980 to 1360 umoles. 


DISCUSSION 


The study of catabolic utilization of nucleosides by erythrocytes has 
extended the knowledge of metabolism in such cells, particularly during 
storage, when decomposition of the phosphorylated carbohydrate esters 
occurred (5, 6). Adenosine and inosine have been shown to effect an 
appreciable resynthesis of phosphate esters, although these as yet have 
not been well characterized. Rubenstein et al. (7) have demonstrated 
the hydrolysis of inosine by erythrocytes with the production of hypoxan- 
thine. It was postulated that the pentose constituent of nucleosides 
entered a pentose phosphate pathway. Since the amounts of 2,3-diphos- 
phoglycerate increased significantly in erythrocytes incubated with adeno- 
sine (8, 9), it has been further theorized that purine ribosides are potential 
sources of glyceraldehyde 3-phosphate (10, 11). These data and those 
with ghosts are consistent with the reaction scheme shown: 


Adenosine — inosine — hypoxanthine + ribose 5-PO, 
Ribose 5-PO, — ribulose 5-P — xylulose 5-P — triose PO, — lactic acid 


Hence, nucleosides appear to provide the erythrocyte with an accessory 
source of glycolytic intermediates. The nucleoside-induced esterification 
in ghosts and hemolysates is especially significant, as the nucleoside- 
deficient preparations were unable to utilize glucose or to esterify inorganic 
phosphate. The deficiency in glucose utilization by ghosts, caused pre- 
sumably by instability of hexokinase, would thus be partially compensated. 
The activation energy of 19,000 calories per mole for phosphate uptake by 
the ghost confirms the metabolic nature of the phosphate transfer from 
plasma to cells as a much lower value (about 4000 calories per mole) 
would be expected if diffusion was the major factor governing the entry of 
inorganic phosphate. The metabolic character of ghosts is further sub- 
stantiated by the stoichiometry of the conversion of inorganic phosphate 
to ester phosphate (1) and a mole for mole equivalence of phosphate esteri- 
fied to nucleoside pentose metabolized. A value of 7300 to 7500 calories 
per mole was found for the activation energy of phosphorolysis of inosine 
by a purified preparation of nucleoside phosphorylase from human erythro- 
cytes (12). This agrees moderately well with the value found here for 
cell-free hemolysates (9000). Either of these values, when added to 19,800 
calories per mole (8) or 16,700 calories per mole (13) for erythrocytes 


of 
vere 
nces 
tab- 
10” 
cell- 
(1.3 
urs 
was 
ting 
1ep- 
tric 
ose 
37°. 
side 
ing 
ose 
lly 
. of 
for 
ple, 

in 
gen 
nce 
of 
OW, 
ate 


824 NUCLEOSIDES IN ERYTHROCYTE GHOSTS 


without nucleosides, gives a sum which agrees with the value tound here 
for erythrocytes with nucleosides (28,000 calories per mole). These 
additive magnitudes suggest at least two independent mechanisms for the 
phosphate transfer in erythrocytes when nucleosides are present. Further, 
the decreasing order of energy values in erythrocytes, ghosts, and hemoly- 
sates suggests that alterations in permeability affect the access of enzymes 
to nucleosides with appropriate effects on their kinetics. 


SUMMARY 


Ghosts and erythrocytes were found to metabolize the pentose of guano- 
sine and inosine, with a simultaneous esterification of inorganic phosphate. 
In the ghost, under conditions of saturation of the cells with nucleosides 
and inorganic phosphate, a limiting value of 1 mole of phosphate esterified 
per mole of pentose metabolized was observed. The activation energy 
for phosphate exchange in the presence of nucleosides (19,000 calories per 
mole) confirmed the metabolic nature of the ghost reaction. Differences 
among ghosts, erythrocytes, and hemolysates may be attributed to altera- 
tions in permeability caused by hemolysis. 
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PRECURSORS OF SQUALENE AND CHOLESTEROL* 
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The nature of the “biological isoprene unit” believed to be the precursor 
of cholesterol, rubber, and other terpenoid substances has been the subject 
of considerable investigation (1-20). Until recently, no single 5- or 6- 
carbon compound has been found to be consistently superior as a precursor 
to any other or even to acetate. The discovery by Tavormina et al. (21) 
that 2-C'-3 ,5-dihydroxy-3-methylvaleric acid (mevalonic acid (MVA))! is 
readily incorporated into cholesterol has focused attention on this 6-carbon 
branched chain acid. 

This laboratory has attempted to gain some insight into the nature of 
such precursors by investigating the pattern of labeling observed in the 
squalene derived from them. Two compounds have been investigated, 
3’-C'4-3-hydroxy-3-methylglutaric acid (HMG) and 2-C"-mevalonic acid. 
In a preliminary communication (22), we have reported that, when 2-C'*- 
mevalonic acid? is incubated with rat liver homogenates in the presence of 
carrier squalene, the recovered squalene is found to be radioactive. When 
degraded by ozonolysis with subsequent degradation of the products of 
ozonolysis, the distribution of labeling found in the squalene suggests 
that either the mevalonic acid is decarboxylated subsequent to polymeri- 
zation or that, if it is decarboxylated before polymerization, the resulting 
5-carbon compound is dealt with in an asymmetric manner. Further 
data verifying this finding are presented. 

Work in several laboratories (7, 11) has demonstrated that liver is capable 
of synthesizing HMG from acetate, and Rudney (7, 10) has shown that 
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3-hydroxy-3-methylglutaric acid; CoA, coenzyme A; BMG, 3-methylglutaconic acid; 
ATP, adenosine triphosphate; DPN, diphosphopyridine nucleotide. 
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the synthesis involves acetyl CoA and acetoacetyl CoA in the microsomal 
fraction of rat liver and in a yeast preparation. It has also been established 
that HMGCoA can be formed in heart muscle by means of fixation of 
carbon dioxide by 8-hydroxyisovaleryl] CoA (23, 24). In all these studies, 
the identity of the HMG has been carefully established. C™-HMG, pre- 
pared synthetically and purified by crystallization, has been reported to 
be incorporated into cholesterol (11), squalene (20), and farnesenic acid 
(20) by homogenates and soluble enzyme systems from rat liver. It was 
therefore surprising to find that such synthetic C'*-HMG, when further 
purified by chromatography, can no longer be incorporated into squalene 
or cholesterol by in vitro systems. Chromatography revealed two radio- 
active contaminants, one of which appears to be partly responsible for the 
biological activity previously reported from this laboratory (11-14, 18, 20). 
The identity of this substance has not been established. 

Previously reported work on the incorporation of C'*-HMG into farne- 
senic acid (20) has been repeated with C'4-mevalonic acid as a substrate. 
The recovered farnesenic acid was found to be radioactive. Biosynthetic 
C'4-farnesenic acid was prepared and shown to be incorporated into choles- 
terol by rat liver homogenates. 


EXPERIMENTAL 


The homogenates used in these studies were prepared by homogenizing 
minced rat liver in 2.5 volumes of cold 0.1 M potassium phosphate buffer, 
pH 7.0, which contained nicotinamide, 0.03 M, magnesium chloride, 0.005 
M, and potassium bicarbonate, 0.025 m. The cellular debris was removed 
by centrifugation at 1000 X g for 10 minutes. 

Soluble enzyme systems were prepared in phosphate buffer containing 
nicotinamide and magnesium chloride, as previously described (20). 

The isolation, purification, and radioassay of squalene, cholesterol, and 
farnesenic acid have been described previously (20). An additional pro- 
cedure used in this study involved the incubation of homogenates with 
squalene emulsified in 2 per cent gelatin solution. The preparation of the 
emulsion has been previously described (20). 

Chromatography of Squalene—Squalene purified by chromatography on 
alumina (20) was found to contain small amounts of an impurity which 
did not cleave in the usual manner upon ozonolysis. The squalene was 
further purified by chromatography on silicic acid. 

15 gm. of silicic acid, Mallinckrodt, 200 mesh, were suspended in petro- 
leum ether (boiling range 60—-110°) and packed under pressure to give a 
column 20 mm. in diameter and 150 mm. long. Squalene (75 to 100 mg.) 
was dissolved in a small amount of petroleum ether and put on the column 
and 15 ml. of petroleum ether were added above the silicic acid. The top 
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of the column was fitted with a 300 ml. mixing bulb, and a magnetic stirrer 
was suspended beside the bulb to hold in position a stirring bar on the 
inside of the bulb. The bulb was filled with petroleum ether and another 
bulb was connected above it. The upper bulb was filled with a solution of 
10 per cent benzene in petroleum ether. Stirring was started in the mixing 
bulb, and 5 ml. fractions were collected at a rate of 0.5 to 1.0 ml. per minute. 

With use of this gradient elution method, the impurity present in the 
squalene came out at the solvent front and was found to contain no radio- 
activity. The squalene was eluted as a single peak in Fractions 18 to 25. 
The specific activity of the individual fractions was determined and found 
to be the same within the limits of experimental error. 

Degradation of Squalene—Squalene (30 to 100 mg.), chromatographed 
on silicic acid, was dissolved in 100 ml. of ethyl acetate and ozonized with 
3 per cent ozone at 0-1°. Rupture of a length of rubber tubing was used 
to indicate the presence of excess ozone. The process was repeated three 
times to insure completeness of ozonization. To the solution of ozonide 
there were added 5 ml. of 30 per cent hydrogen peroxide and 1 ml. of 2 
per cent sulfuric acid. The mixture was shaken for 1 hour at room tem- 
perature and then allowed to stand overnight. 10 ml. of water, 25 ml. of 
acetic acid, and 5 ml. of 30 per cent hydrogen peroxide were added and the 
mixture was refluxed for 3 hours. 

The resulting mixture was neutralized to pH 5 by addition of dilute 
sodium hydroxide, and the acetone fraction was removed by steam distilla- 
tion and collected in Denigés reagent. The recovered acetone was con- 
verted to iodoform and acetic acid, and the acetic acid further was de- 
graded to give carbon dioxide and methylamine (14). 

Levulinic acid was isolated and purified by the method of Cornforth and 
Popjak (25). It was treated with hypoiodite and carbon atom 5 was re- 
covered as iodoform (14). The remaining succinic acid was degraded by 
the method of Phares and Long (26) to give carbon dioxide and ethylene- 
diamine. 

The original succinic acid produced from squalene by ozonization was 
recovered and purified by the method of Cornforth and Popjak (25) and 
degraded by the method of Phares and Long (26). 

Samples of the original squalene and each of the degradation products 
were converted to carbon dioxide by wet oxidation (27). The carbon 
dioxide was counted as barium carbonate in a windowless gas flow counter; 
a minimum of 3000 counts was obtained on each sample. All counts were 
corrected to infinite thinness. 

Chromatography of 3-Hydroxy-3-methylglutaric Acid (HMG)—HMG was 
chromatographed on silicic acid by the method of Adamson and Greenberg 
(28) and was found in approximately the same fractions that they reported. 
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In addition, HMG was found to be readily purified by chromatography 
on Dowex 1-formate form by the gradient elution technique of Busch et al. 
(29). HMG appears in the fractions in which the normality of the formic 
acid in the eluting solution is 0.8 to 0.9 nN. Crystalline HMG can be ob- 
tained from the eluates by vacuum distillation or lyophilization. HMG 
recovered by this method had the correct melting point, did not depress 
the melting point of an authentic sample, had the same R, as an authentic 
sample when chromatographed on paper (11), and behaved as expected 
when chromatographed on silicic acid (28). 3-Methylglutaconic acid can 
also be separated by this method with the appearance of two peaks (prob- 
ably cis and trans forms) at 0.4 to 0.5 N formic acid. Dimethylacrylic 
acid appears with the first trace of formic acid in the eluting solution. 

Since titrimetric methods cannot be used for estimation of the eluted 
acids, advantage was taken of the color reaction given by anhydrides of 
dibasic acids with pyridine (30). Small samples of each fraction were 
evaporated to dryness on a steam bath and treated with 0.2 ml. of 30 per 
cent acetic anhydride in pyridine. After heating in a boiling water bath 
for 30 minutes, the color intensity could be estimated by eye, or, after 
dilution, to 10 ml. with carbon tetrachloride, in a filter photometer at 420 
mu. As little as 0.025 mg. of HMG or 3-methylglutaconic acid could be 
detected by this method. 


Results 


Incorporation of Mevalonic Acid into Squalene—When 2-C'-mevalonic 
acid along with emulsified squalene was incubated with homogenates of 
rat liver, the recovered squalene was found to be radioactive (Table I). 
Such squalene preparations were degraded as described above, and the 
specific activities of the resulting fragments determined. Experiment 1 
(Table I) demonstrates that approximately 85 per cent of the C"™ incor- 
porated into squalene is found in the terminal methyl! groups and in carbon 
3 of levulinic acid (24). In a duplicate experiment (Experiment 2), yield- 
ing squalene of considerably higher specific activity, over 95 per cent of 
the isotopic carbon was recovered in the same carbon atoms. Although 
carbon atoms 2 and 3 of levulinic acid have been counted together, it is 
clear that the radioactivity was predominantly confined to carbon 3. 
Were this not the case (lig. 1), the succinic acid fragment representing 
the four central carbons of squalene would have contained much more 
radioactivity. If the carbon atoms representing carbon 2 of levulinic 
acid had been appreciably labeled, then labeling would have been expected 
in the methylene carbons of the succinic acid moiety derived from the 
center of squalene. This was not the case. Furthermore, if carbon 2 of 
levulinic acid were labeled, this would presuppose the formation of a 5- 
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carbon intermediate labeled in a terminal position as well as at the branched 
methyl carbon atom. The close correspondence in the radioactivity of 


TABLE I 


Specific Activity of Biosynthetic C'4-Squalene and 


Its Degradation Products 
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Specific activity 
Compound 
Experiment 1 Experiment 2 
c.p.m. per mg. C c.p.m. per mg. C 
Squalene 150* 715 
Acetone 306 790 
Carbony] carbon 10 60 
CHI; 360 1900 
Succinie acid 70 35 
—COOH 30 30 
—CH.— 80 50 
Levulinie acid 150 1000 
CHI; (carbon 5) 17 13 
—COOH (carbon atoms 1 and 4) 28 16 
—CH: ( 310 2100 


* This sample of barium carbonate was contaminated, and the specific activity was 


estimated from direct counting of the original squalene. 


OH 


HOOC—C*H,—C—CH.—CH,0H 


CH, CH; 


CH—CH,—C*H:;— 


Squalene 


CH; 


| 


Fic. 1. Distribution of isotopic carbon in biosynthetic squalene 


the iodoform (representing the 2 methyl carbon atoms of acetone) and 
carbon 2 and 3 of the levulinic acid suggests also that only one of the two 
methy] groups appearing ultimately in the acetone fraction was appreciably 


labeled. 
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Purification of 3’-C%-HMG—Labeled HMG was synthesized by the 
method of Klosterman and Smith (31) and apparently pure material was 
obtained by recrystallization (m.p. 105-106°). When incubated with 
homogenates and soluble enzyme systems of rat liver, this material was 
found to contribute C™ to cholesterol (11), squalene (20), farnesenic acid 
(20), and 3-hydroxyisovaleric acid (14). After chromatographic purifica- 
tion by the two methods described above, the recovered material had the 
same specific activity, but was no longer incorporated into squalene or 
cholesterol. 


TABLE II 


Incorporation of 3'-C'*-HMG and Chromatographic 
Fractions into Squalene 


Each flask contained 3.0 ml. of soluble enzyme system, 0.3 mg. of ATP, 0.3 mg. 
of DPN, 1 mg. of squalene in 0.1 ml. of emulsion, and radioactive substrate; final 
volume, 3.4ml. Substrate in Experiment 1 was 5 mg. of crystallized 3’-C'*-HMG or 
the equivalent fraction obtained by the chromatography of 5 mg. of the HMG on a 
silicic acid column; in Experiment 2, the substrate was 1 mg. of 3’-C't*-HMG or the 
equivalent fraction obtained by chromatography of 1 mg. on Dowex 1-formate form. 
Gas phase, 95 per cent O2-5 per cent CO.; temperature, 34°; time, 2 hours. At the 
end of the incubation periods, 4 mg. of squalene carrier were added to each flask. 


Recovered squalene 
activity incorporation 
c.p.m. C.p.m. per mg. per cent 
1 Crystallized HMG 2.5 & 10° 400 0.08 
Fractions 21-30 (probably BMG) 2.0 X 105 0 0 
HMG fractions 2.0 X 10° 0 0 
Methanol eluates 2.0 X 105 80 0.25 
2 Crystallized HMG 5 X 10° 150 0.15 
Column fractions 
0.2 n formic acid 4X 10* 30 0.38 
— (HMG) 4X 105 0 0 


A cruder synthetic preparation of high specific activity (10° ¢.p.m. per 
mg. of C) was crystallized once from ether-petroleum ether. This prepara- 
tion did not have a sharp melting point and appeared grossly yellow, but 
radioactivity was incorporated into squalene when it was incubated with 
soluble enzyme systems (Table II1). When chromatographed on silicic 
acid, three radioactive components were obtained. The first was a titrat- 
able peak conforming to that found with 3-methylglutaconic acid; the 
specific activity of this material was the same as that of the HMG. It 
was not incorporated into squalene (Table II). The second and largest 
peak, representing 80 per cent of the weight and radioactivity of the start- 
ing material, was demonstrated to be HMG by criteria of melting point, 
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mixed melting point, and chromatography in other systems. This was 
not incorporated into squalene. After elution of the HMG, the column 
was further eluted with methanol and another radioactive sample obtained. 
This material, representing 5 to 8 per cent of the original radioactivity, 
was incorporated into squalene (Table II). 

Chromatography of the same material on Dowex 1-formate gave only 
two radioactive peaks, the expected one for HMG (0.9 Nn formic acid) and 
a peak which was eluted at 0.2 n formic acid. The HMG was not incor- 
porated into squalene. The less polar peak, representing about 10 per 
cent of the original radioactivity, was incorporated into squalene (Table 
II). 


TABLE III 


Incorporation of Isotopic Substrates into Cholesterol 
by Rat Liver Homogenates 
ach flask contained 4.5 ml. of liver homogenate, 0.5 mg. of ATP, 0.5 mg. of DPN, 
and 1 mg. of isotopic substrate as indicated below; final volume, 5.0 ml.; gas phase, 
95 per cent O2-5 per cent CO2; temperature, 34°; time, 2 hours. At the end of the 
incubation, carrier cholesterol was added to give a total of 1 mg. per flask. 


| Recovered cholesterol 
Substrate Total activity 

Total activity | 

cC.p.m. c.p.m. per cent 
1-C'4-Acetate 3.3 & 10° 256 0.08 
2-C'4-Mevalonate 1.0 X 104 830 8.3 
3’-C'4"-HMG 
Crystalline (m.p. 105-107°) 4.0 X 10° 54 0.015 
Chromatographed (m.p. 108-109°) 2.0 X 10° 0 0 
4-C'4-Dimethylacrylate 4.0 X 105 20 0.0008 


The radioactive impurity present in C4-HMG was stable up to 2 years 
when the crystalline C4-HMG was stored in a desiccator. It was also 
stable in aqueous solution at a range from pH 4 to 7 when stored in the 
frozen state. When heated to 50° or higher for more than a few minutes, 
the impurity was completely inactivated. In addition, exposure to strong 
alkali or strong acid appeared to inactivate it rapidly. 

The identity of the impurity has not been established. The amounts 
present are small, and it is inactivated to a considerable extent in the process 
of isolation by chromatography (Table II). In view of chromatographic 
evidence and comparison with known labeled compounds in the biosyn- 
thesis of squalene and cholesterol, the following have been eliminated as 
possibilities: acetate, dimethylacrylic acid, 3-methylglutaconic acid, 3- 
hydroxyisovaleric acid, and mevalonic acid. 

Since most of our experiments dealt with the conversion of HMG to 
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squalene by aqueous enzyme systems, the incorporation of labeled HMG 
into cholesterol was reinvestigated in homogenates. Crystalline HMG 
(m.p. 105-107°), chromatographed HMG (m.p. 108-109°), acetate, meva- 
lonic acid, and dimethylacrylic acid (all labeled with C™) were tested as 
substrates for cholesterol synthesis (Table III). It was observed that 
the chromatographically pure HMG is no longer incorporated into choles- 
terol. Mevalonic acid-2-C™ is obviously far superior as a substrate to all 
the other substances tested. 


TABLE IV 


Incorporation of Mevalonic Acid into Squalene and Farnesenic 
Acid by Soluble Enzyme System of Rat Liver 


Each flask contained supernatant enzyme system as indicated below, DPN, 0.1 
mg. per ml., squalene, 1.0 mg. in gelatin emulsion, and potassium farnesenate as 
indicated. At the end of the incubation, carrier squalene was added to all flasks to 
give a total of 5 mg. per 3.0 ml. of enzyme system; flasks containing farnesenic acid 
received additional farnesenic acid to make a total of 20 mg. 


Recovered squalene Recovered farnesenic acid 
Experi- Condies 
ment onditions 
No. Specific | Total ‘Substrate Specific | Total —-* 
activity | activity activity § activity ration 
c.p.m. c.p.m. 
per me. c.p.m. pmole per mg. c.p.m. pmole 


1 | Enzyme, 3 ml., and 2-C**- | 500 2500 | 0.025 
mevalonic acid, 2 uwmoles 
(105 ¢.p.m. per umole) 

Same as above plus 2 mg. far- 50 250 | 0.0025; 300 6,000; 0.06 
nesenic acid 

2 | Enzyme, 6 ml., and 2-C'*- | 500 5000 | 0.100 
mevalonic acid, 1.7 wmoles 
(5 X 104 c.p.m. per umole) 

Same as above, plus 1 mg. | 120 1200 | 0.025 | 850 | 17,000; 0.33 
farnesenic acid 


Upon incubation of the soluble enzyme system with 2-C'*-mevalonic 
acid in the presence of farnesenic acid, a reduction in the amount of radio- 
active substrate incorporated into squalene (Table IV) was observed. 
Similarly, the addition of carrier farnesenic acid to homogenates reduced 
the incorporation of labeled mevalonic acid into cholesterol. When the 
carrier farnesenic acid was recovered and purified by chromatography on 
a reversed phase column with partitioning between hexane and 80 per cent 
methanol-water (20), it was found to contain significant radioactivity. 
The recovered farnesenic acid was further chromatographed on the re- 
versed phase column, this time partitioning between hexane and 70 per 
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cent methanol-water. There was no change in specific activity of the 
recovered farnesenic acid, and the specific activity of serial fractions re- 
mained constant within the limits of error of the method. After repeated 
chromatography, the farnesenic acid was diluted with additional carrier 
and the benzylthiouronium salt prepared (20) and amen (m.p. 
123-124°). There was no change in specific activity. 

Biosynthetic C'4-farnesenic acid, isolated from homogenates and purified 
as described, was then incubated with liver homogenates. On recovery of 
cholesterol, significant activity was found (Table V). The cholesterol 
digitonide was converted to cholesterol dibromide (32) and recrystallized 


TaBLeE V 
Incorporation of Labeled Substrates into Cholesterol by Homogenates of Rat Liver 
Each flask contained 5.0 ml. of homogenate, 1.0 mg. of ATP, and 1.0 mg. of DPN. 
Substrates used were C'‘-farnesenic acid (3500 c.p.m. per mg.), 2-C'4-mevalonic acid 
(5500 c.p.m. per mg.), and 1-C'‘-acetic acid (3500 c.p.m. per mg.). Substrates were 
added as potassium salts. Final volume, 5.3 to 5.4 ml. Conditions and addition 
of carrier cholesterol as in Table III. 


Substrate added Recovered cholesterol 
No. 
meg. c.p.m. C.p.m per cent 
l 1-C'*-Acetate 1.0 3,500 5 0.14 

2-C'4-MVA 1.0 5,500 250 4.5 
C'4-Farnesenate 1.0 3,500 47 1.3 
2 2-C'4-MVA 2.0 11,000 210 1.9 
C'4-Farnesenate 2.0 7,000 97 1.4 
3 2-C'4-MVA 2.0 11,000 318 2.9 
C'4-Farnesenate 2.0 7,000 95 1.3 


(m.p. 114-115°) (33); no change in specific activity of the cholesterol was 
observed. 


DISCUSSION 


The hypothesis that liver tissue is capable of condensing active aceto- 
acetate and acetyl CoA to form HMG (11) has been confirmed by subse- 
quent studies. C'-acetate is readily incorporated into this 6-carbon 
branched chain acid (8, 11). Rudney has demonstrated that a microsomal 
fraction of rat liver can form HMGCoA from acetoacetyl CoA and acetyl 
CoA (7). His recent report (10) that the enzyme system from yeast can 
be freed from thiolase provides strong evidence that acetoacetate reacts 
as an intact 4-carbon unit in the biosynthesis of HMG. 

This biosynthetic process is quite distinct from the reaction studied by 
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Bachhawat et al. (23, 24), who have reported that HMGCoA can be formed 
by a carbon dioxide fixation reaction with isovaleryl CoA. The subsequent 
cleavage of the product to yield acetoacetate and acetyl CoA has not been 
found to be reversible. This reaction mechanism as well as the condensa- 
tion reaction studied by Rudney, therefore, represent the only known mech- 
anisms for the biosynthesis of HMG. 

C'4~HMGCoA prepared synthetically by the method described by Bach- 
hawat et al. (24) was tested as a precursor of squalene and was not incor- 
porated. It is now clear that free HMG likewise is not an effective pre- 
cursor of squalene or cholesterol in in vitro systems. 

The close chemical relationship between mevalonic acid and HMG sug- 
gests that HMGCoA or some other active form of the acid must somehow 
be involved in cholesterol synthesis. It is possible that the form of HMG- 
CoA isolated by Rudney may be isomeric with that obtained by Bachhawat 
et al. It will be of interest to learn whether Rudney’s compound is an 
effective precursor. 

The fact that the carboxyl carbon of mevalonic acid is almost completely 
lost during the biosynthesis of cholesterol (34) suggests that the condensa- 
tion occurs between carbon atom 5 of one molecule and the active methyl- 
ene group (carbon 2) of another condensing molecule. The results of the 
chemical degradation of radioactive squalene confirm the decarboxylation 
and are consistent with the concept outlined. Similar findings have been 
recently reported by Cornforth et al. (35). 

Whether decarboxylation occurs before polymerization or later is not 
clear. If decarboxylation occurs first, then the resulting 5-carbon inter- 
mediate is either asymmetric or is treated asymmetrically by the enzyme 
system. 

The recovery of radioactive farnesenic acid from in vitro systems and 
the incorporation of biosynthetic C'-farnesenic acid into cholesterol sug- 
gest that an intermediate containing the farnesyl structure must be con- 
sidered. A recent report (36) states that synthetic C'-farnesenic acid is 
not incorporated into cholesterol by the whole animal. As was the case 
with squalene (37, 38), this may be a matter of synthesizing the correct 
isomer. 


SUMMARY 


Homogenates of rat liver have been shown to incorporate 2-C'4-mevalonic 
acid into squalene and cholesterol. Biosynthetic C'4-squalene was ozo- 
nized and the radioactivity of the cleavage products determined. The 
results suggest that mevalonic acid is incorporated directly into squalene 
with little randomization of isotope before polymerization. The evidence 
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U 
( 
J 
13 
15 
16 
17 
18 
19 
20 

21 
22 
23 
24. 
26. 
27. 


DITURI, RABINOWITZ, HULLIN, AND GURIN 835 


also suggests that condensation occurs between carbon atom 5 of one mole- 
cule and carbon 2 of a second molecule, with decarboxylation possibly 
taking place during or after polymerization. 

Chromatographic purification of synthetic 3’-C'4-3-hydroxy-3-methyl- 
glutaric acid yields a preparation which is not incorporated into squalene 
or cholesterol by in vitro systems. The previously reported biological 
activity may be ascribed to an unidentified impurity. 

It has been demonstrated that mevalonic acid is incorporated into farne- 
senic acid by soluble enzyme systems of rat liver, and that biosynthetic 
C'-farnesenic acid is incorporated into cholesterol by rat liver homogenates. 


The authors express their appreciation for the technical assistance of 
Jessie V. B. Warms and Katherine P. Janeway. 
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ISOLATION AND IDENTIFICATION OF ACTIVE SULFATE* 


By PHILLIPS W. ROBBINSf ano FRITZ LIPMANN{Y 


(From the Biochemical Research Laboratory, Massachusetts General Hospital, and the 
Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, July 26, 1957) 


In an earlier paper (1), indicative although preliminary results were 
obtained in the attempt to characterize the mechanism of ATP-linked! 
sulfate activation. It had been found that pyrophosphate is a product of 
the reaction. The earlier observations (2, 3) on the two-phasic nature of 
the over-all process of phenol conjugation were confirmed and a preliminary 
separation was obtained of the enzyme fractions responsible for the acti- 
vation of sulfate and the transfer of active sulfate to phenol. Although 
sizable amounts of the active sulfate could not be obtained at that stage, 
it was concluded from paper electrophoresis patterns that the compound 
must be a sulfate derivative of adenylic acid, the exact chemical composition 
of which, however, remained to be decided. 

One of the handicaps in these experiments had been the lack of a reli- 
able assay method for active sulfate applicable to cruder mixtures, in 
particular, those containing ATP in addition to the active sulfate. In 
view of the difficulties for chemical determination of sulfate in micromolar 
quantities, the enzymatic assay with nitrophenol as acceptor proved by 
far the easiest way to determine the activated compound. In order to 
obtain an assay system for crude preparations, however, it became essential 
to separate the sulfate-activating system from the transferring enzyme 
which we designate here as phenol sulfokinase. After this assay system 
was developed, the experiments leading to the final identification pro- 
gressed more rapidly. Important, furthermore, was the applicability of 
the well developed chromatography on Dowex 1 (4). The compound 
proved to be not as fragile as originally thought but relatively stable, even 
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Cancer Institute, National Institutes of Health, United States Public Health Serv- 
ice, and the Life Insurance Medical Research Fund. 

t Fellow of the National Foundation for Infantile Paralysis. Present address, 
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1 The following abbreviations are used: PAPS for 3’-phosphoadenosine-5’ -phos- 
phosulfate; PAP for 3’,5’-diphosphoadenosine; p-NP and p-NPS for p-nitrophenol 
and its sulfate ester; AMP, ADP, and ATP for adenosine mono-, di-, and triphos- 
phates; Tris for tris(hydroxymethyl)aminomethane; CoA for coenzyme A; TCA for 
trichloroacetic acid; and e¢ for molecular extinction coefficient. 
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to the rather high concentrations of formic acid which had to be used in its 
chromatography. It has already been reported in a preliminary communi- 
cation (5) that the active sulfate now has been identified as adenosine 3’- 
phosphate-5’-phosphosulfate.! 


Materials and Methods 


p-NP was a product of the Eastman Kodak Company and was purified 
by recrystallization from water. Enzymatic formation of p-NPS was 
followed by measuring the disappearance of nitrophenol by the method of 
Hilz and Lipmann (1). This method depends upon the colorimetric 
determination of nitrophenol at 400 my in alkaline solution. Nitropheny] 
sulfate gives no color under these conditions. The active sulfate, PAPS, 
was determined by transfer to nitrophenol as described below or by the 
PAP assay (6). Inorganic phosphate was determined by the method of 
Fiske and Subbarow (7), and total phosphate after ashing with H.SO, (8). 
Sulfate was determined according to the method described by Fromageot 
(9). 

Phosphate labeled with P® and S**-labeled sulfate were obtained from 
the Oak Ridge National Laboratory. P-labeled ATP was prepared by 
the tryptophan-catalyzed P®-pyrophosphate exchange with tryptophan- 
activating pancreas enzyme (10). Bull semen 5’-nucleotidase and 3’- 
nucleotidase were generously supplied by Dr. N. O. Kaplan. The nucleo- 
tidase was subsequently prepared from rye grass seed (11) according to 
Shuster and Kaplan (12). 

Titrations were madewitha model TTT/1 Radiometer automatic titrator. 
Saturated (NH,)2SO,4 was prepared as described previously (1) and crystal- 
line ATP was purchased from the Pabst Laboratories. An apparatus 
similar to that described by Durrum (13) was used for paper electrophoresis. 
Protein concentrations were determined turbidimetrically with trichloro- 
acetic acid (14) and refer to crystalline bovine serum albumin as a standard. 


Enzyme Preparations 


Separation of Sulfate-Activating System and Phenol Sulfokinase—Rabbit 
liver or fresh lamb liver was cut into pieces and chilled in ice. Lamb livers 
which have been allowed to stand at room temperature for 30 minutes or 
more are usually inactive. The preparation was carried out, as described 
previously (1), through the removal of the microsomes. This extract may 
be frozen and stored without loss of activity. 

To 250 ml. of liver supernatant fluid were added 100 ml. of Cy alumina 
gel (cf. Hilz and Lipmann (1)), containing 15 mg. of dry material per ml, 
and the mixture was stirred for 30 minutes at 0-4°. All subsequent steps 
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were carried out at 0-4°. The gel was separated from the solution in the 
International centrifuge at 5000 r.p.m. for 5 minutes. The gel supernatant 
fluid contains the phenol sulfokinase free from the sulfate-activating system. 
It may be stored in the deep freeze without loss of activity. In earlier 
experiments (1) adsorption of the sulfate-activating system on the gel 
appears to have been less efficient and much of it seems to have leaked into 
the supernatant fluid. With the present procedure, however, it has 
been rather consistently found that the sulfate-activating system is com- 
pletely adsorbed to the alumina gel. In order to avoid loss it should be 
eluted immediately. 

Sulfate-Activating System—The gel was washed by resuspension in 250 
ml. of 0.1 m (NH,4)2SO, and was stirred for 30 minutes. It was then centri- 
fuged and the supernatant fluid discarded. The gel was resuspended in 
200 ml. of 0.8 m (NH,4)2SO, and extracted by stirring for 60 minutes. 
After centrifugation, saturated (NH,)2SO, was added to the alumina gel ex- 
tract to a final saturation of 60 per cent. The precipitated protein was col- 
lected in the SS-1 Servall centrifuge and dissolved in 0.02 m Tris, pH 7.5, 
to give a protein concentration of 10 to 20 mg. per ml. This preparation 
will synthesize PAPS from ATP at a rate of about 0.2 umole per mg. of 
protein per hour. A further extraction of the gel with 0.8 m (NH4).SO, 
gives additional enzyme of a somewhat higher specific activity. 

Phenol Sulfokinase—Saturated (NH4)2SO, was added to the original 
alumina gel supernatant fluid to a final saturation of 55 per cent. After 
standing for 2 hours, the solution was centrifuged for 15 minutes in the 
Servall SS-1 centrifuge and the precipitate was dissolved in 0.02 m Tris, 
pH 7.5. This preparation contains the transferring enzyme almost com- 
pletely free from sulfate-activating enzyme. Phenol sulfokinase may be 
assayed most conveniently by the method of Gregory and Lipmann (6). 
This assay depends on the transfer of sulfate from p-NPS to phenol in the 
presence of PAP and phenol sulfokinase. The transferring enzymes have 
recently been fractionated more extensively (6, 15). 

Assay of PAPS—Active sulfate was assayed either by direct transfer to 
nitrophenol or by the PAP-PAPS assay described in another paper from 
this laboratory (6). The assay system for the direct transfer reaction 
contained 100 uwmoles of imidazole hydrochloride, pH 7.0, 10 umoles of 
cysteine, 1 umole of p-nitrophenol, and 3 mg. of the transferring enzyme in 
a final volume of 1 ml. Nitrophenolate disappearance was determined 
after 30 minutes incubation at 37°. The initial concentration of PAPS 
was usually 0.5 umole per ml. or less. Otherwise, the transfer was in- 
complete because the reverse reaction, nitrophenyl sulfate plus PAP, be- 
comes appreciable (6). Gregory and Lipmann have shown that the 
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apparent equilibrium constant for the transfer of sulfate from PAPS to 
p-NP is approximately 26. 
[p-NPS] X [PAP] 


[pNP] X [PAPS] 


Kapp = 


Therefore, if 50 per cent of the p-NP has reacted with PAPS to form p- 
NPS at equilibrium, the analytical error in the determination of PAPS will 
be 4 per cent. When more than 50 per cent of the p-NP is converted to 
p-NPS, the analytical error will become appreciable. Actually, additional 
losses are introduced by the presence of interfering enzymes in the phenol 
sulfokinase preparation such as phosphatases which attack PAPS and 
sulfatases which hydrolyze p-NPS. Even under the most favorable 
conditions the transfer of sulfate from PAPS to p-NP was seldom more 
than 90 per cent complete. This relatively small deficit could generally 
be neglected. The great simplicity of the assay outweighs an error small 
enough to be generally of no importance. In assaying enzymatic reaction 
mixtures for PAPS, protein was removed by boiling for 2 minutes and 
centrifugation, and the supernatant fluid was added directly to the trans- 
ferring reaction mixture. No inhibition was found in the transfer reaction 
due to the ATP, inorganic sulfate, and MgCl. present in the incubation 
mixture. The requirement of the transferring enzyme for cysteine or 
glutathione is discussed elsewhere (6). Fig. 1 shows the time-course for 
the transfer of sulfate from PAPS to nitrophenol. Transfer is practically 
complete after 30 minutes. 

The use of the PAP assay for active sulfate determination depends on the 
catalytic activity of PAP for transfer of sulfate from nitropheny] sulfate to 
phenol (6). In this assay the catalytic function of PAP consists in operat- 
ing as obligatory sulfate carrier. The assay therefore does not discriminate 
between PAP and PAPS but is equally applicable to both. 

Assay of Sulfate-Activating System—The PAPS assays described above 
may be used conveniently for determining the activity of the sulfate-acti- 
vating enzyme system. Incubations are carried out as described below 
and the reaction is stopped by boiling. The amount of PAPS formed im 
3O minutes is proportional to the enzyme concentration. 
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procedure of Cohn and Carter (16), was used. A deproteinized incubation 
mixture (10 ml.) containing 0.3 umole per ml. of transferable sulfate was 
adjusted to pH 8.0 with 2 n KOH and applied to a 1 X 3 em. Dowex 1 
formate column. The column was operated at a temperature of 2°. 
Fractions were eluted with 60 ml. volumes of 0.01 m NH, formate, 2 n 
formic acid (Fraction I), 3 n formic acid (Fraction II), 4 N formic acid-0.3 
n NH, formate (Fraction III), and 5 n formic acid-1 N NH, formate (Frac- 


tion IV). The fractions were lyophilized, dissolved in 5 ml. of water, and 
SOF 
40+ 
400Fr 
300+ 
3 200} 
OF 
x 100 


lio 20 30 40 50 60 io 20 30 40 50 
TIME IN MINUTES TIME /N MINUTES 
Fig. 1 Fig. 2 

Fic. 1. Transfer of PAPS to p-NP. The incubation mixture contained the fol- 
lowing: 1000 umoles of imidazole-HCl, pH 7; 100 uwmoles of cysteine; 10 wmoles of 
nitrophenol; and 30 mg. of phenol sulfokinase in addition to PAPS in a final volume 
of 10 ml. Incubation at 37°. 

Fic. 2. Accumulation of PAPS by liver sulfate-activating system. The reaction 
mixture is described in the text. Incubation was at 37°. Samples (1 ml.) were taken 
at the time intervals indicated, heated in boiling water for 2 minutes, then chilled 
and centrifuged. To exactly 0.3 ml. of the supernatant solution was added 0.2 ml. 
of a mixture made by adding 0.5 ml. of 0.01 w p-NP to 1.5 ml. of phenol sulfokinase. 
Nitrophenol disappearance was measured after 30 minutes incubation at 37°. 


neutralized with KO. Since the phoephosulfate link is alkali-«table, 
no particular care needs to be taken with this neutralization. Pig. 3 shows 
the paper clectropherest« pattern and transferable sulfate content of the 
column fractions Preetion IV represented at least 70 per cont of the 
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to the rather high concentrations of formic acid which had to be used in its 
chromatography. It has already been reported in a preliminary communi- 
cation (5) that the active sulfate now has been identified as adenosine 3’- 
phosphate-5’-phosphosulfate.! 


Materials and Methods 


p-NP was a product of the Eastman Kodak Company and was purified 
by recrystallization from water. Enzymatic formation of p-NPS was 
followed by measuring the disappearance of nitrophenol by the method of 
Hilz and Lipmann (1). This method depends upon the colorimetric 
determination of nitrophenol at 400 my in alkaline solution. Nitropheny! 
sulfate gives no color under these conditions. The active sulfate, PAPS, 
was determined by transfer to nitrophenol as described below or by the 
PAP assay (6). Inorganic phosphate was determined by the method of 
Fiske and Subbarow (7), and total phosphate after ashing with HSO, (8). 
Sulfate was determined according to the method described by Fromageot 
(9). 

Phosphate labeled with P® and S**-labeled sulfate were obtained from 
the Oak Ridge National Laboratory. P*®-labeled ATP was prepared by 
the tryptophan-catalyzed P*®-pyrophosphate exchange with tryptophan- 
activating pancreas enzyme (10). Bull semen 5’-nucleotidase and 3’- 
nucleotidase were generously supplied by Dr. N. O. Kaplan. The nucleo- 
tidase was subsequently prepared from rye grass seed (11) according to 
Shuster and Kaplan (12). 

Titrations were madewitha model TTT/1 Radiometer automatic titrator. 
Saturated (NH,4)2SO,4 was prepared as described previously (1) and crystal- 
line ATP was purchased from the Pabst Laboratories. An apparatus 
similar to that described by Durrum (13) was used for paper electrophoresis. 
Protein concentrations were determined turbidimetrically with trichloro- 
acetic acid (14) and refer to crystalline bovine serum albumin as a standard. 


Enzyme Preparations 


Separation of Sulfate-Activating System and Phenol Sulfokinase—Rabbit 
liver or fresh lamb liver was cut into pieces and chilled in ice. Lamb livers 
which have been allowed to stand at room temperature for 30 minutes or 
more are usually inactive. The preparation was carried out, as described 
previously (1), through the removal of the microsomes. This extract may 
be frozen and stored without loss of activity. 

To 250 ml. of liver supernatant fluid were added 100 ml. of Cy alumina 
gel (cf. Hilz and Lipmann (1)), containing 15 mg. of dry material per ml., 
and the mixture was stirred for 30 minutes at 0-4°. All subsequent steps 
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were carried out at 04°. The gel was separated from the solution in the 
International centrifuge at 5000 r.p.m. for 5 minutes. The gel supernatant 
fluid contains the phenol sulfokinase free from the sulfate-activating system. 
It may be stored in the deep freeze without loss of activity. In earlier 
experiments (1) adsorption of the sulfate-activating system on the gel 
appears to have been less efficient and much of it seems to have leaked into 
the supernatant fluid. With the present procedure, however, it has 
been rather consistently found that the sulfate-activating system is com- 
pletely adsorbed to the alumina gel. In order to avoid loss it should be 
eluted immediately. 

Sulfate-Activating System—The gel was washed by resuspension in 250 
ml. of 0.1 Mm (NH,4)2SO, and was stirred for 30 minutes. It was then centri- 
fuged and the supernatant fluid discarded. The gel was resuspended in 
200 ml. of 0.8 m (NH,).SO, and extracted by stirring for 60 minutes. 
After centrifugation, saturated (NH,)2SO, was added to the alumina gel ex- 
tract to a final saturation of 60 per cent. The precipitated protein was col- 
lected in the SS-1 Servall centrifuge and dissolved in 0.02 m Tris, pH 7.5, 
to give a protein concentration of 10 to 20 mg. per ml. This preparation 
will synthesize PAPS from ATP at a rate of about 0.2 umole per mg. of 
protein per hour. <A further extraction of the gel with 0.8 m (NH,).SO, 
gives additional enzyme of a somewhat higher specific activity. 

Phenol Sulfokinase—Saturated (NH,4)2SO, was added to the original 
alumina gel supernatant fluid to a final saturation of 55 per cent. After 
standing for 2 hours, the solution was centrifuged for 15 minutes in the 
Servall SS-1 centrifuge and the precipitate was dissolved in 0.02 m Tris, 
pH 7.5. This preparation contains the transferring enzyme almost com- 
pletely free from sulfate-activating enzyme. Phenol sulfokinase may be 
assayed most conveniently by the method of Gregory and Lipmann (6). 
This assay depends on the transfer of sulfate from p-NPS to phehol in the 
presence of PAP and phenol sulfokinase. The transferring enzymes have 
recently been fractionated more extensively (6, 15). 

Assay of PAPS—Active sulfate was assayed either by direct transfer to 
nitrophenol or by the PAP-PAPS assay described in another paper from 
this laboratory (6). The assay system for the direct transfer reaction 
contained 100 umoles of imidazole hydrochloride, pH 7.0, 10 umoles of 
cysteine, 1 umole of p-nitrophenol, and 3 mg. of the transferring enzyme in 
a final volume of 1 ml. Nitrophenolate disappearance was determined 
after 30 minutes incubation at 37°. The initial concentration of PAPS 
was usually 0.5 umole per ml. or less. Otherwise, the transfer was in- 
complete because the reverse reaction, nitrophenyl sulfate plus PAP, be- 
comes appreciable (6). Gregory and Lipmann have shown that the 
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apparent equilibrium constant for the transfer of sulfate from PAPS to 
p-NP is approximately 26. 
[p-NPS] [PAP] 


[p-NP] X [PAPS] 


Kapp = 


Therefore, if 50 per cent of the p-NP has reacted with PAPS to form p- 
NPS at equilibrium, the analytical error in the determination of PAPS will 
be 4 per cent. When more than 50 per cent of the p-NP is converted to 
p-NPS, the analytical error will become appreciable. Actually, additional 
losses are introduced by the presence of interfering enzymes in the phenol 
sulfokinase preparation such as phosphatases which attack PAPS and 
sulfatases which hydrolyze p-NPS. Even under the most favorable 
conditions the transfer of sulfate from PAPS to p-NP was seldom more 
than 90 per cent complete. This relatively small deficit could generally 
be neglected. The great simplicity of the assay outweighs an error small 
enough to be generally of no importance. In assaying enzymatic reaction 
mixtures for PAPS, protein was removed by boiling for 2 minutes and 
centrifugation, and the supernatant fluid was added directly to the trans- 
ferring reaction mixture. No inhibition was found in the transfer reaction 
due to the ATP, inorganic sulfate, and MgCle present in the incubation 
mixture. The requirement of the transferring enzyme for cysteine or 
glutathione is discussed elsewhere (6). Fig. 1 shows the time-course for 
the transfer of sulfate from PAPS to nitrophenol. Transfer is practically 
complete after 30 minutes. 

The use of the PAP assay for active sulfate determination depends on the 
catalytic activity of PAP for transfer of sulfate from nitropheny] sulfate to 
phenol (6). In this assay the catalytic function of PAP consists in operat- 
ing as obligatory sulfate carrier. The assay therefore does not discriminate 
between PAP and PAPS but is equally applicable to both. 

Assay of Sulfate-Activating System—The PAPS assays described above 
may be used conveniently for determining the activity of the sulfate-acti- 
vating enzyme system. Incubations are carried out as described below 
and the reaction is stopped by boiling. The amount of PAPS formed in 
30 minutes is proportional to the enzyme concentration. 


Isolation of PAPS 


The incubation mixture used for the accumulation of PAPS contained 
0.1 mM imidazole hydrochloride, pH 7.0, 0.0125 m MgCl, 0.02 Mm K.SOx,, 
0.01 m ATP, 0.01 m cysteine, and 2 to 5 mg. per ml. of protein from the 
alumina gel extract. Fig. 2 shows the rate of PAPS accumulation under 
these conditions. 

In preliminary experiments for the isolation of PAPS from Dowex | 
columns, the method of Siekevitz and Potter (4), a modification of the 


NVITROPHENOL CONSA/GATES 


I 
( 
a 
0 
N 
ne 
ne 
th 
ac 
de 
A 
pre 
fo 
of 


NITROPHENOL CON/UGATEO 


P. W. ROBBINS AND F. LIPMANN 841 


procedure of Cohn and Carter (16), was used. A deproteinized incubation 
mixture (10 ml.) containing 0.3 umole per ml. of transferable sulfate was 
adjusted to pH 8.0 with 2 n KOH and applied to a 1 XK 3 em. Dowex 1 
formate column. The column was operated at a temperature of 2°. 
Fractions were eluted with 60 ml. volumes of 0.01 m NH, formate, 2 n 
formic acid (Fraction I), 3 N formic acid (Fraction II), 4 N formic acid-0.3 
x NH, formate (Fraction III), and 5 n formic acid-1 N NH, formate (Frac- 


tion IV). The fractions were lyophilized, dissolved in 5 ml. of water, and 
= 
W ly 
300+ 
.20F 
Q 
| 
x 
lO 20 30 40 50 60 io 20 30 40 50 
TIME MINUTES TIME MINUTES 
Fig. 1 Fic. 2 


Fic. 1. Transfer of PAPS to p-NP. The incubation mixture contained the fol- 
lowing: 1000 uwmoles of imidazole-HCl, pH 7; 100 umoles of cysteine; 10 umoles of 
nitrophenol; and 30 mg. of phenol sulfokinase in addition to PAPS in a final volume 
of 10 ml. Incubation at 37°. 

Fic. 2. Accumulation of PAPS by liver sulfate-activating system. The reaction 
mixture is described in the text. Incubation was at 37°. Samples (1 ml.) were taken 
at the time intervals indicated, heated in boiling water for 2 minutes, then chilled 
and centrifuged. To exactly 0.3 ml. of the supernatant solution was added 0.2 ml. 
of a mixture made by adding 0.5 ml. of 0.01 m p-NP to 1.5 ml. of phenol sulfokinasc. 
Nitrophenol disappearance was measured after 30 minutes incubation at 37°. 


neutralized with 2 N KOH. Since the phosphosulfate link is alkali-stable, 
no particular care needs to be taken with this neutralization. Fig. 3 shows 
the paper electrophoresis pattern and transferable sulfate content of the 
column fractions. Fraction IV represented at least 70 per cent of the 
active material placed on the column. The adenosine concentration as 


determined by absorption at 260 mu was 0.75 umole per ml.; a trace of 
ATP was still present in the active fraction. 

In subsequent larger scale preparations of the PAPS fraction, 40 ml. of 
protein-free incubation mixture were applied to a 1.6 X 10 cm. Dowex 1 
formate column after dilution to 80 ml. with cold water and adjustment 
of the pH to 8. The sample was followed with 50 ml. of cold distilled 
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water. Elution with 4 n formic acid-0.3 n NH, formate was started 
immediately. Usually about 500 ml. of this buffer solution were required 
to remove the Cl-, PO, SO,-, AMP, ADP, and ATP from the column. 
Elution was continued until the optical density at 260 my fell well be- 
low 0.5. Then PAPS was eluted with 5 n formic acid-1 N NH, formate. 
Large fractions (20 ml.) were collected, and the three or four having the 
highest optical density at 260 my were pooled and lyophilized. Since 
PAPS is acid-labile, the collection and lyophilization were carried out as 


PAPS O 
a)... 
PAP -» 


ADP © 


AMP <> 


OR/G/N + } } 
STANDARDS :-——— FRACTION —— 
I I Il Ww 


TRANSFERABLE 
SULFATE 0.00 000 0.00 046 
§UMOLES/ML 

Fic. 3. Paper electrophoresis pattern of Dowex 1 column fractions. The fractions 
were dissolved in 5 ml. of water and neutralized with 2 N KOH before analysis. One 
aliquot (0.3 ml.) was taken and tested for enzymatic transfer of sulfate to p-NP. 
Another aliquot (0.03 ml.) was used for electrophoresis on Whatman No. 31 paper. 
I:lectrophoresis was carried out in 0.03 M citrate, pH 5.9, at 2° for 16 hours, with use 
of 200 volts (3.5 volts per em.). 


rapidly as possible. Even under the best conditions, 20 to 30 per cent. of 
the PAPS was hydrolyzed, largely during lyophilization. In lyophilizing 
the active fraction, 35 ml. or less were quickly shell-frozen in a 2 liter flask. 
Lyophilization was limited to 15 to 20 hours. The residue, a mixture of 
PAPS, PAP, and NH, formate, was dissolved in a minimum of distilled 
water, neutralized with 1 x KOH, and, if necessary, again lyophilized. 


Characterization of PAPS 


Chemical Stability of Active Sulfate—PAPS is hydrolyzed readily in 
acid. As shown in Fig. 4, PAPS has a half life in 0.1 N HCl at 37° of about 
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6 minutes. The phosphosulfate link is resistant to alkali at room tempera- 
ture. Incubation at 37° in 0.1 Nn KOH for an hour gave no detectable loss 


ACTIVE SULFATE 
(m uMOLES/ ML} 
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Fic. 4. Hydrolysis of PAPS in 0.1 n HCl at 37°. A solution of PAPS isolated by 
chromatography on Dowex 1 was warmed to 37° and then made 0.1 N with respect 
to HCl. Aliquots (0.25 ml.) were taken and added to a mixture of 255 umoles of 
KOH; 50 wmoles of imidazole-HCl, pH 7; and 0.5 umole of p-NP in 0.1 ml. After 
mixing, 0.05 ml. of 0.1 M cysteine- HCl and 0.1 ml. of phenol sulfokinase were added 
to give a final volume of 0.5 ml. The disappearance of p-NP was measured as in 
Fig. 2. 


TABLE I 
Analytical Data for Active Sulfate Fraction 


moles 
3’-Nucleotidase 0.89 


Adenosine was determined by absorption with e260 = 14.5 X 10%. It is used as 
reference, assuming it to be 1. The values for 12 and 30 minute phosphate represent 
the amount of inorganic phosphate released in 1 N HCl at 100°. Phosphate hy- 
drolyzable by 3’-nucleotidase was determined by the method of Wang et al. (18). 
Since a wide range of values for PAPS has been observed by the method of isolation 
described in the text, the range, rather than a particular value, is given for PAPS. 
The other figures are values obtained by analysis of a single preparation. 


of transferable sulfate and heating at 100° for 2 minutes gave no hydrolysis 
of PAPS in solutions buffered between pH 7 and 9. 

Analytical Data—Table I shows analytical data for the isolated PAPS 
fraction. Enzymatic assay showed that a variable fraction of the adenine 
compounds could be accounted for as transferable sulfate. However, over 
90 per cent of the adenine was active in the PAP assay, showing that 
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this fraction is a mixture of PAPS and PAP, 7.e. hydrolyzed active sulfate. 
Apparently the 5 n formic acid-1 m formate eluate represented originally 
a rather homogeneous solution of PAPS which, during lyophilization, 
forms more or less PAP by loss of sulfate, depending on the length of ex- 
posure. As would be expected for a mixture of PAPS and PAP, the phos- 
phate analysis showed consistently two phosphates per adenosine. One 
phosphate is hydrolyzed in 1 n HCl at 100° after 30 minutes, as is the case 
with adenosine 2’- or 3’-phosphate (17). The second phosphate is rather 
acid-stable, corresponding to an adenosine 5’-phosphate. 

Hydrolysis of PAPS by 3’-Nucleotidase—To identify the position of the 
more easily hydrolyzed phosphate, 3’-nucleotidase was used. ‘The prepa- 
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120 150 180 


60 90 
MINUTES 
Fic. 5. Hydrolysis of the active sulfate fraction by 3’-nucleotidase. The incuba- 

tion tubes contained 100 uwmoles of Tris, pH 7.5; 1 ml. of 3’-nucleotidase solution; 

and 12 wmoles of nucleotide in a final volume of 3 ml. Incubation was at 37°. Ali- 
quots (0.2 ml.) were used for inorganic phosphate determination after stopping the 

reaction with 1 ml. of cold 10 per cent TCA. The active sulfate fraction was a mix- 

ture of PAPS and PAP obtained by chromatography on Dowex 1. 


0 


ration and specificity of rye grass 3’-nucleotidase have been described by 
Shuster and Kaplan (11, 12). It has been used to determine the position 
of the third phosphate group in coenzyme A (18). PAPS is attacked by 
3’-nucleotidase at approximately the same rate as CoA. The time-course 
for the hydrolysis is shown in Fig. 5. At completion more than 90 per 
cent of the easily hydrolyzable phosphate is released as inorganic phos- 
phate. The products of hydrolysis should be adenosine 5’-phosphosulfate 
from dephosphorylation of PAPS and AMP from PAP. For verifica- 
tion, S**-PAPS was prepared from labeled inorganic sulfate with use of 
the method described above for incubation and chromatography. P*®- 
labeled PAPS was prepared with ATP labeled in the two terminal phosphate 
groups. Fig. 6 shows a paper electrophoresis pattern for S**-labeled 
PAPS before and after treatment with 3’-nucleotidase. The radioactive 
adenosine 5’-phosphosulfate formed was found to have the same electro- 
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phoretic mobility as the synthetic compound prepared by the method of 
Baddiley et al. (19). The electrophoresis pattern shows, furthermore, 
that PAP is hydrolyzed by the enzyme to AMP. Both synthetic and 
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Kia. 6. Hydrolysis of 5**-labeled PAPS by 3’-nucleotidase. For preparation of 
the PAPS, the incubation mixture contained 2.5ml. of 1 m imidazole, pH 7; 2.5ml. of 
0.125 mM MgCl.; 0.5 ml. of carrier-free radioactive SO,~ solution (0.35 mc.); 156 mg. 
of ATP; 40 mg. of cysteine- HC]; 0.37 ml. of 2 N KOH; and 15 ml. of dialyzed sulfate- 
activating enzyme system in a final volume of 25 ml. The enzyme preparation was 
dialyzed for 6 hours against a flowing solution of 2 m KCI1-0.05 mw KHCO;-0.001 m 
reduced glutathione. This procedure reduced the sulfate concentration of the en- 
zyme solution from 1.3 M to 0.05 Mm. Incubation was for 1 hour at 37°. After heating 
for 2 minutes at 100° and centrifugation to remove denatured protein, chromatog- 
raphy on Dowex 1| was carried out as described in the text. Separate samples of the 
radioactive PAPS were incubated with 3 and 6 units of 3’-nucleotidase for 3 hours 
according to the procedure of Wang et al. (18). Aliquots of the original solution and 
of the hydrolysis reaction mixtures were used for paper electrophoresis in 0.03 m 
citrate, pH 5.9. Outlined areas represent ultraviolet quenching as determined with 
a Mineralite lamp. Shaded areas represent radioactivity as determined by radio- 
autography. 

Fic. 7. Hydrolysis of P*-labeled PAPS by 3’-nucleotidase. PAPS was prepared 
and chromatographed on Dowex 1 as deseribed in the text, except that ATP labeled 
in the two terminal phosphate groups with P*? (400 umoles, 0.5 me.) was used (ef. 
“Materials and methods’’). A sample of the radioactive PAPS fraction was digested 
with 3’-nucleotidase (18). Aliquots of the original solution and of the digested sam- 
ple were used for electrophoresis in 0.03 mM citrate, pH 5.9. Outlined areas represent 
ultraviolet quenching. Stippled areas represent radioactivity as determined by 
radioautography. 
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natural adenosine 5’-phosphosulfate, but not PAPS, are attacked by bull 
semen 5’-nucleotidase, giving adenosine, inorganic phosphate, and inorganic 
sulfate. They also both serve equally well as substrates for the enzymes 
ATP-sulfurylase and APS-kinase that catalyze the two-step synthesis of 
PAPS (20). 

As is shown in Fig. 7, labeled PAPS is formed when the activating sys- 
tem is incubated with ATP labeled with P® in the two terminal phosphate 
groups. Treatment of this P-labeled active sulfate fraction with 3’- 


ATP 


AMP 
CD 
OR/G/IN 
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Fic. 8. Periodate reaction of PAPS fraction after treatment with 3’-nucleotidase. 
The electrophoresis pattern in Fig. 7 was sprayed with periodate, treated with SOx, 
and then sprayed with Schiff’s reagent according to the method of Buchanan, Dekker, 
and Long (23). Outlined areas represent ultraviolet quenching. Shaded areas rep- 
resent the purple color, indicating a positive periodate reaction. 


nucleotidase releases the label as inorganic phosphate and leaves unlabeled 
APS. These data suggested early that the phosphate in the 3’-position is 
derived by a kinase type transfer from the terminal phosphate of ATP. 
As expected, neither PAP nor PAPS reacts with periodate. As shown in 
Fig. 8, treatment with 3’-nucleotidase leads to the formation of 5’-AMP and 
adenosine 5’-phosphosulfate, both of which are periodate-positive com- 
pounds. The fact that the adenosine phosphosulfate gives a positive 
periodate reaction indicates that the 2’,3’-hydroxyl groups are free and 
that the sulfate group must be bound either to the 5’-phosphate or another 
group of the 5’-adenylic acid. In this connection the reversal of adenosine 
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phosphosulfate with pyrophosphate to form ATP and sulfate (20) gives 
unequivocal evidence that the sulfate is bound to the 5’-phosphate group. 

The ultraviolet absorption spectra of the active sulfate fraction and of 
PAP (6) are identical with those of adenosine and crystalline ATP. This 
is further evidence that the sulfate group is not bound to the amino group 
of the adenine nucleus. 
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Via. 9. Titration of the PAPS fraction before and after acid treatment. The 
PAPS fraction was prepared as described in the text by chromatography on Dowex 1. 
Analysis showed that 40 per cent of the adenosine was present as PAPS and that 
the rest could be accounted for as PAP. The sample (2 ml., 11.8 umoles of adenosine) 
was adjusted to pH 8 and then titrated with 0.1 N HCl. After reaching pH 5, the 
sample was made 0.1 N with respect to HCI and allowed to stand for 30 minutes at 
37°. It was cooled to room temperature and then adjusted to pH 8 with CO:;-free 
2n KOH. It was again titrated with 0.1 N HCl to pH 5. A water blank treated in 
the same way as the sample showed no appreciable titration between pH 5 and 8. 

Fig. 10. Formation of PAP by hydrolysis of coenzyme A. The reaction mixture 
contained the following: 2.5 ml. of m Tris, pH 7.5; 0.3 ml. of Mm MgCl.; 1 ml. of Crota- 
lus adamanteus venom extract prepared according to Wang et al. (18); and 5 mg. of 
CoA obtained from C. H. Boehringer and Son. Samples (0.5 ml.) were heated for 
2 minutes in boiling water to stop the reaction. Appropriate aliquots of the heated 
samples were used for CoA and PAP determinations. 


Titration Data—lig. 9 shows a typical titration curve for a fraction 
containing 40 per cent PAPS and 60 per cent PAP, recovered from Dowex 
1. Only the secondary phosphate dissociations were titrated since the 
range for the titration was limited to pH 5 to 8. The shaded area repre- 
sents the titration of the 3’-phosphate group present in both PAP and 
PAPS. Since the preparation was 60 per cent PAP and only 40 per cent 
PAPS, the 5’-phosphate group of PAP accounts for another 0.6 equivalent 
of acid between pH 5 and 8. Hydrolysis of the active sulfate by very 
mild acid treatment leads to the appearance of 0.4 additional equivalent 
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of secondary phosphate dissociation as would be expected after hydrolysis 
of a phosphosulfate. Similar data have been obtained for adenosine 5’- 
phosphosulfate. In this case there is no background titration due to the 
presence of the 3’-phosphate group. 

Formation of PAP by Hydrolysis of Coenzyme A—In another publication 
from this laboratory, Gregory and Lipmann (6) have shown that the 
reaction between PAPS and p-NP is reversible, and that PAP may be 
assayed by measuring the rate of the PAP-dependent transfer of sulfate 
from NPS to phenol, catalyzed by phenol sulfokinase. If the structure of 
PAPS as formulated above is correct, then PAP should be formed when 
CoA is decomposed at the pyrophosphate bridge. Fig. 10 shows the results 
of an experiment in which CoA was hydrolyzed with an extract of snake 
venom according to the method of Wang et al. (18). Aliquots of the 
incubation mixture were taken and the enzymatic reaction was stopped 
by heating for 2 minutes at 100°. Samples of the heated solution were 
taken for PAP (6) and CoA assays. CoA was determined by the arseno- 
lysis of acetyl phosphate in the presence of transacetylase (21). As can 
be seen, the CoA preparation used (from C. H. Boehringer and Son) has a 
high concentration of PAP to begin with. Fig. 10 shows that the snake 
venom hydrolyzes CoA with the expected formation of PAP as determined 
with the phenol sulfokinase assay and also shows the equivalence of CoA 
disappearance and PAP appearance. 

These data confirm the 3’,5’-diphosphoadenosine structure of PAP. 
Gregory and Lipmann (6) have shown that 2’,5’-diphosphoadenosine 
prepared by the hydrolysis of TPN is inactive in the PAP assay. The 
preparation and assay of CoA-derived 3’,5’-diphosphoadenosine .by an 
independent method have recently been described by Wang (22). 


DISCUSSION 


The isolation of the active sulfate confronted us with the fact that in 
addition to a phosphate in 5’ position, which carries the activated sulfate 
in an anhydride link, the compound contained another phosphate linked 
separately to adenosine. The presence of such a second separately linked 
phosphate was unexpected and the significance of an additional phos- 
phorylation is only gradually being understood as the studies on the enzyme 
sequence in the biosynthesis of active sulfate have progressed (20). The 
more detailed report on this is now in preparation. It may be stated 
briefly here that a second phosphorylation seems to serve the purpose of a 
fixation of a thermodynamically unfavorable situation by input of addi- 
tional energy through the essentially irreversible fixation of the second 
phosphate, derived from a second mole of ATP. 

Our main comment shall be concerned with the chemical evidence for the 
position of the various groups in the molecule. 
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With ATP being an adenosine 5’-triphosphate, the elimination of 
pyrophosphate, which was recognized early (1) as part of the sulfate 
activation reaction, indicated that the sulfate should be bound through an 
anhydride link to the proximal phosphate in the 5’ position. Before 
discussing the further confirmation of this formulation, we will first sum- 
marize the evidence for the position of the second phosphate, yielding 
directly or by exclusion confirmation of the POS link in 5’ position. 

The fact that one phosphate was completely hydrolyzed by n HCl in 30 
minutes at 100° indicated this to be situated in 2’ or 3’ on the ribose. 
The second phosphate, being acid-stable, was thus tentatively charac- 
terized as being in the 5’ position. 

The presence of the substituent in the 2’ or 3’ position was further con- 
firmed by the absence of periodate reaction. The final decision for the 
3’ position was obtained through the use of Kaplan’s specific 3’-nucleo- 
tidase. 

The fact that the dephosphorylation of the molecule with 3’-nucleotidase 
yielded a sulfate-containing derivative indicated the sulfate to be connected 
with the 5’-phosphate. This was further confirmed by the appearance of 
periodate reaction after removal of the 3’-phosphate by nucleotidase, 
the reaction being readily given by 5’-substituted adenylic acid deriva- 
tives (23). 

A further proof for the constitution was obtained by the use of ATP 
marked with P® in the two terminal phosphates, AP*P”P®2, in the enzy- 
matic formation of PAPS. This yielded P®AP*"S, as indicated by libera- 
tion of P® inorganic phosphate with 3’-nucleotidase, leaving cold APS. 
This observation made it rather probable that the 3’-phosphate originated 
by an independent enzymatic step from a second mole of ATP. 

The unusual binding of sulfate by an anhydride link to phosphate 
needs still some further comment. - 

(1) An appearance of periodate reaction after removal of the 3’-phosphate 
excluded the possibility of the sulfate being linked directly to a hydroxyl 
in the ribose. 

(2) The possibility that sulfate might be attached to the amino group of 
the adenosine is fairly well excluded by the ultraviolet spectrum which is 
identical with that of adenosine 5’-phosphate. In all cases studied, a 
substitution of the amino group causes a shift in the ultraviolet toward the 
visible (24, 25). 

(3) Positive confirmation of the linking was obtained through electroti- 
tration by showing that 1 equivalent of secondary phosphate is liberated by 
mild hydrolysis of the sulfate. 

Independent confirmation of our structure was furnished through the 
synthesis of adenosine 5’-phosphosulfate by Baddiley et al. (19) from 
adenosine 5’-phosphate and the pyridine complex of SO3._ This procedure 
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might be considered as specific for an attack on the 5’-phosphate (ef. 
Avison (26)). The identity of the synthetic compound with the product 
of 3’-dephosphorylation with nucleotidase has been mentioned already. 
Furthermore, recently Baddiley and his collaborators have succeeded in 
synthesizing the adenosine 3’-phosphate-5’-phosphosulfate from synthetic 
or natural PAP, by using a procedure analogous to the one used for the 
synthesis of adenosine 5’-phosphosulfate (27). The proposed structure is 
further confirmed by identification of the sulfate-free residue of active 
sulfate with the product obtained from CoA by hydrolysis at its pyrophos- 
phate bridge. This hydrolysis product had been earlier identified by 
Wang et al. (18) as adenosine 3’ ,5’-diphosphate. 

Adenosine 3’ ,5’-diphosphate has previously been identified as an end 
group in ribonucleic acid (28). 


SUMMARY 


Procedures are described for the separation in liver extracts of the sul- 
fate-activating enzyme system from phenol sulfokinase, the enzyme 
responsible for the transfer of sulfate from the active sulfate to nitrophenol. 

The purified phenol sulfokinase was used for the assay of active sulfate 
in various states of purity, in particular, in the presence of adenosine tri- 
phosphate plus sulfate. The sulfate-activating system was used for the 
preparation of active sulfate in quantities of 50 umoles. 

Active sulfate was then isolated by Dowex 1 chromatography, with use 
of mixtures of formic acid and ammonium formate for the separation from 
other nucleotides. 

The analysis of the compound showed it to contain 2 moles of phosphate 
for 1 mole of adenosine and sulfate. The compound was identified as 
adenosine 3’-phosphate-5’-phosphosulfate. 
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There are two well established pathways leading to the biosynthesis of 
pentose from glucose. The first of these involves the participation of the 
enzymes, transketolase and transaldolase (Fig. 2). By this pathway, 2 
molecules of fructose 6-phosphate and 1 molecule of glyceraldehyde phos- 
phate may be converted anaerobically to 3 molecules of pentose phos- 
phate (1, 2). The second pathway is the hexose monophosphate shunt, 
or direct oxidative pathway. In this case, glucose 6-phosphate can be 
oxidized in the presence of two triphosphopyridine nucleotide-linked de- 
hydrogenases to ribulose phosphate. The aldehyde carbon of glucose is 
converted to CO, although glucose carbon atoms 2 to 6 give rise, respec- 
tively, to carbon atoms 1 to 5 of the pentose. 

It has previously been shown that, in lymphatic tissues and tumors, 
glucose-1-C" is oxidized to CO, considerably more rapidly than glucose- 
2-C'4, glucose-6-C"™, or uniformly labeled glucose (3, 4). It was estimated 
that 2 to 5 times as much pentose was synthesized from exogenous glucose 
by way of the direct oxidative pathway by the tumors as by normal lym- 
phatic tissues. These results prompted an investigation of the contribution 
of the transketolase-transaldolase pathway as compared with the direct 
oxidative pathway in the synthesis of ribonucleic acid (RNA) ribose. Glu- 
cose-1-C'4, glucose-2-C", or glucose-6-C" was incubated in vitro with normal 
or tumor cell suspensions and the specific activity of the ribose isolated 
from the purine nucleotides of ribonucleic acid was determined. The re- 
sults suggest that a substantial proportion of the RNA ribose may be 
synthesized by way of the transketolase-transaldolase pathway (5). 


Methods 


Tissues and Incubation Procedure—Cell suspensions of rat thymus, 
mouse spleen, rabbit appendix, lymphatic leucemia LL-5147, and the 
Gardner lymphosarcoma were prepared as previously described (6). The 
tumors were transplanted subcutaneously by trochar and the animals 
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killed 14 to 20 days later. Ascites tumor cells (I8-9514A) were harvested 
7 to 10 days after intraperitoneal inoculation. 

Incubations were carried out in 15 ce. Warburg vessels for 2 hours at 
38°. The contents of the flasks were as follows: 20 umoles of either glucose- 
1-C'4, glucose-2-C™, or glucose-6-C™ (approximately 2.5 uwe.), 5 uwmoles 
of glutamine, 5 wmoles of serine, 5 wmoles of deoxycytidine, normal or 
tumor cells equivalent to about 25 mg. of dry weight of tissue, and modified 
Krebs-Ringer-phosphate-bicarbonate buffer (6) to bring the total volume 
to 2.45 ce. In those experiments in which other components were added 
to the incubation medium, the volume of the buffer was correspondingly 
reduced. Glycerol-1-C™ (3.27 umoles, 957,000 c.p.m. per umole) was 
used as substrate in place of glucose in some experiments. Glycerol-1-C" 
and glucose-1-C'™ were purchased from the Nuclear Corporation, Inc., 
and glucose-2-C™ and glucose-6-C' were obtained from Tracerlab, Inc., 
and Volk Radiochemical Company. 

Isolation and Purification of RNA-Purine Nucleotide Ribose—-At the 
conclusion of the incubation, the contents of the Warburg flasks were 
decanted into centrifuge tubes containing ice-cold trichloroacetic acid 
(TCA). The nucleoprotein precipitate was extracted three times with 
ice-cold 5 per cent TCA, three times with cold ethanol, three times with 
a 3:1 mixture of ethanol-ether (65° for 5 minutes), and once each with 
ether and a mixture of petroleum ether-ether-acetone (6:3:1). 

To the nucleoprotein, 1 cc. of 1 N KOH was added and the mixture was 
kept at 35° for 18 hours (7). The deoxyribonucleic acid (DNA) and 
protein were reprecipitated by the addition of ice-cold hydrochloric acid. 
The soluble fraction was adjusted to 1 N HCl and heated for 1 hour in a 
steam bath to hydrolyze the RNA purine nucleotides to free ribose. After 
cooling, the pH was adjusted to about 2 to 3 and 200 mg. of acid-washed 
Norit A were added to remove unhydrolyzed nucleotides. The Norit 
suspension was centrifuged and the supernatant fluid was passed through 
a3 X 0.9 em. Dowex 50-H*+ (200 to 400 mesh) cation exchange resin to 
remove inorganic cations, free adenine, guanine, or amino acids. 

The eluate from the cation exchange resin was next lyophilized in a 
VirTis freeze dryer (The VirTis Company, Yonkers, New York). ‘The 
lyophilized sample was extracted with excess methanol and the methanol 
solution evaporated to dryness. The residue was dissolved in a known 
volume of water and the ribose content determined on an aliquot of the 
solution (8). Aliquots were also used for paper chromatography (phenol- 
water (72:28) or butanol-acetic acid-water (4:1:5)). Guide strips con- 
taining aliquots of the solution and carrier ribose plus glucose were run 
simultaneously. The papers were dried at room temperature for 24 hours 
and developed with an ethanol solution of aniline hydrochloride-phthalic 
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acid (1.3:1.6 gm. per 100 cc. of ethanol). The ribose was eluted into 
stainless steel planchets and, after drying, was assayed for radioactivity. 

In some instances, alanine, serine, and glycine were isolated from the 
TCA extracts of the tissues (9). The radioactivity attributable to the 
carboxyl carbon was determined after decarboxylation with ninhydrin 
and the 8-carbon of serine or the a-carbon of glycine was assayed as the 
dimedon derivative of formaldehyde (10-12). 


RESULTS AND DISCUSSION 


Association of Radioactivity with Ribose—When cell suspensions of normal 
or malignant lymphatic tissues were incubated with glucose-1-C"™, glucose- 
2-C', or glucose-6-C"™, significant radioactivity was incorporated into 
the ribose of the RNA purine nucleotides. That this radioactivity was 
attributable to ribose rather than to contaminating radioactive compounds 
seems likely for the following reasons: (1) as shown in Fig. 1, most of the 
radioactivity of the paper chromatograms was found in the area of the 
paper containing ribose; (2) when the ribose was eluted from the paper 
and rechromatographed with butanol-acetic acid-water as the solvent, 
significant radioactivity was found only in the ribose area of the paper; 
(3) alternatively, the ribose which had been extracted from the paper 
chromatograms was subjected to paper electrophoresis. Again, significant 
radioactivity was found only in the ribose area of the paper; (4) if the 
cells were killed with trichloroacetic acid at the start of the incubation, 
there was no incorporation of C' into RNA ribose. 

Inhibition of Incorporation in Presence of Non-Labeled Adenosine—<As 
a further control, the following experiments were performed: Tumor cells 
or rat thymus cells were incubated with radioactive glucose in the pres- 
ence or absence of non-labeled adenosine. In the presence of adenosine, 
incorporation of labeled glucose into RNA ribose was markedly inhibited 
(Table I). Presumably, the added adenosine diluted the RNA ribose 
precursor pools at the level of adenylic, inosinic, or guanylic acid. On 
the other hand, the addition of non-labeled cytidine or deoxyadenosine did 
not alter significantly the conversion of labeled glucose to the ribose of 
the purine nucleotides of RNA. A slight reduction of incorporation was, 
however, observed when ribose 5-phosphate (5 umoles per flask) was added 
to the incubation medium. The fact that more marked inhibition was not 
obtained is probably attributable to the slow penetration of the ribose 
5-phosphate through the cell membrane. 

Experiments were also carried out in the presence and absence of glu- 
curoniec acid or glucuronolactone. The latter additions did not alter 
the incorporation of glucose-1-C™ into RNA ribose. This result and the 
fact that there is a preferential oxidation of glucose-1-C™ rather than of 
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glucose-6-C™% to CO, (3) suggest that a metabolic pathway involving 
the conversion of glucose to glucuronic acid and the decarboxylation of 
the latter to the pentose compound (13) is not of quantitative significance 
in the synthesis of the ribose of the purine nucleotides of RNA by lymphatic 
cells. Bernstein (14, 15) came to the same conclusion with respect to 
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Fic. 1. Paper chromatography or paper electrophoresis of radioactive ribose so- 
lution obtained from the purine nucleotides of ribonucleic acid. 


the synthesis of liver RNA ribose in the light of degradation studies of 
the labeled ribose. 

Comparative Incorporation of Glucose-1-C', Glucose-2-C', or Glucose- 
6-C'*—When normal or malignant lymphatic tissues were incubated with 
glucose-1-C™, glucose-2-C™', or glucose-6-C", significant radioactivity 
was found in the RNA ribose of each of the tissues (Table II). As much 
or more radioactivity was incorporated when glucose-1-C'™ was the sub- 
strate as when glucose-6-C"™ was the substrate, whereas the incorporation 
of C4 from glucose-2-C™ exceeded that from either glucose-1-C" or glucose- 
6-C™, 
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The conversion of glucose to RNA ribose was also studied as a function 
of time and of initial glucose concentration. Table III shows that the 
incorporation of labeled glucose increases with time though not linearly. 


TABLE 
Effect of Adenosine on RNA Ribose Synthesis from Glucose-C' 
The values are given in micromole of C'* incorporated per micromole of ribose. 


Experiment No. | Tissue | Substrate | Control Plus adenosine* 
-9514A | Glucose-1-C™ 0.025 0.004 
Glucose-6-C!* 0.019 0.005 
2 Gardner Glucose-1-C'4 0.012 0.004 
3 Rat thymus | Glucose-6-C!* 0.020 0.009 


* Adenosine concentration, Experiments 1 and 3, 2 mmoles; Experiment 2, 0.8 


mmole. 


TABLE II 


Incorporation of Labeled Glucose into RNA Ribose of Lymphatic Tissues and Tumors 
The values are given in micromole of C'* incorporated per micromole of ribose. 


Tissue Glucose-1-C™ Glucose-2-C'4 Glucose-6-C« 
| 0.017 0.031 0.014 
oe 0.011 0.016 0.010 
ON 0.016 0.024 0.012 
AppenGix............. 0.026 0.046 0.019 
TABLE III 


Conversion of Labeled Glucose to RNA Pentose As Function of Time 
The values are given in micromole of C' incorporated per micromole of ribose. 


Tissue 


Appendix 


E-9514A 


Substrate 
Incubation time 
Glucose-1-C4 Glucose-6-C'* 
hrs. 
1 0.0069 0.0094 
2 0.010 0.010 
3 0.016 0.013 
4 0.021 0.018 
min. 
45 0.012 0.010 
90 0.019 0.015 
Ars. 
0.025 0.022 
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The conversion of glucose-1-C™ to RNA ribose compared favorably with 
that of glucose-6-C" at all time points. 

The conversion of labeled glucose to RNA pentose was greater at high 
glucose concentrations than at low glucose concentrations (Table IV). 
At low glucose concentrations, somewhat more radioactivity was found in 
the pentose when glucose-6-C' was the substrate, but at higher glucose 
concentrations the reverse was observed. 


TasBLe 1V 
Effect of Glucose Concentration on Conversion of Labeled Glucose,to RNA Ribose 
The substrate was given as micromole of C' incorporated per micromole of ribose. 


Substrate 
Tissue Glucose concentration |— 
Glucose-1-C'4 Glucose-6-C™ 
mM 
Appendix 3.3 0.0076 0.0086 
8.2 0.0094 0.0088 
15.0 0.012 0.011 
LL-5147 3.3 0.0049 0.0079 
8.2 0.0091 0.0096 
11.4 0.014 0.013 
TABLE V 
Conversion of Glycerol-1-C'4 to Purine Nucleotide Ribose of RNA 
Tissue Micromole of C4 incorporated per micromole of ribose 


Several experiments were performed with glycerol-1-C™ as substrate 
(Table V). The incorporation into the ribose of RNA was poor compared 
with glucose, except in the case of ascites tumor, E-9514A. 

The reactions leading to pentose synthesis via the transketolase-trans- 
aldolase pathway are schematically represented in Fig. 2. Fig. 2 also 
indicates that, as a result of the reactions of glycolysis, glucose carbon 
atoms 1 and 6 give rise to the 8-carbon of glyceraldehyde phosphate while 
glucose carbon atoms 2 and 5 are converted to the a-carbon of glyceralde- 
hyde phosphate. The molar specific activity of the glyceraldehyde 
phosphate formed from glucose-1-C™, glucose-2-C™, or glucose-6-C" 
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should therefore be one-half that of glucose. As a result of the reactions 
catalyzed by transketolase and transaldolase (Fig. 2), carbon atoms 1 and 
2 of glucose are converted, respectively, to pentose carbon atoms | and 5, 
and 2and 4. With glucose-1-C™ as the substrate, pentose carbon 5 should 
have one-half as much radioactivity as carbon 1, and, with glucose-2-C™ 
as substrate, pentose carbon 4 should have half as much radioactivity as 
carbon 2. It is assumed that the triose phosphate formed in Reaction III, 
Fig. 2, equilibrates with the triose phosphate formed in Reaction I, Fig. 2. 
Carbon 6 of glucose is a precursor of carbon 5 of pentose. 

As a result of the reactions of the direct oxidative pathway, glucose 
carbon atom 1 is lost as CO, while glucose carbons 2 and 6 give rise, 
respectively, to carbons 1 and 5 of pentose. Thus, glucose carbon 6 gives 
rise to pentose carbon 5 by both pathways. Glucose carbon 2 is converted 
to pentose carbon | via the direct oxidative pathway and to pentose carbons 
2 and 4 as a result of the transketolase-transaldolase pathway. 

The data of Table II may be examined in the light of the above discussion. 
When glucose-1-C™ was used as substrate for tumor, E-9514A, 0.0107 
umole of labeled carbon was incorporated per micromole of ribose. The 
theoretical incorporation of labeled carbon into triose phosphate would 
be one-third of this, or 0.0036 umole, while approximately 0.0071 umole 
would have been incorporated due to the transfer of carbons 1 and 2 of 
fructose 6-phosphate (Fig. 2). The incorporation of labeled triose phos- 
phate derived from glucose-6-C™ should be approximately equal to that 
due to glucose-1-C'*. Some C'-tetrose phosphate derived from glucose-6- 
C' should also be incorporated, but the amount of this incorporation is 
not known. Assuming that tetrose phosphate incorporation is small 
compared with triose phosphate incorporation, then the difference between 
the total glucose-6-C™ incorporated (0.0095) and the C'*-triose phosphate 
incorporated (0.0036) provides a rough estimate of the incorporation of 
glucose-6-C' via the hexose monophosphate shunt (0.0059). This latter 
value is of course an overestimation if significant C™ from tetrose phosphate 
is incorporated into the ribose. The sum of the incorporation of C"™ 
from carbon atoms | and 2 plus the estimated incorporation via the hexose 
monophosphate shunt is thus 0.0071 + 0.0059 or 0.013 umole of labeled 
carbon per micromole of ribose. The estimated incorporation via the 
hexose monophosphate shunt is thus about 45 per cent of the total. Theo- 
retically, the total C™ incorporated from glucose-2-C"™ should be the sum 
of the triose phosphate units plus the carbon atom 1 and 2 units plus the 
incorporation via the shunt, or 0.0036 + 0.0071 + 0.0059, or a total of 
0.0166 umole of C™ per micromole of ribose. The observed incorpora- 
tion of glucose-2-C™ was 0.0162 (Table II), which agrees reasonably well 
with the above estimate. By similar calculations it can be estimated that 
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the incorporation of labeled glucose to RNA ribose via the hexose mono- 
phosphate shunt was 44 per cent of the total in the case of tumor LL-5147, 
and 39, 50, 37 and 54 per cent, respectively, in the case of the Gardner 
tumor, spleen, appendix, or thymus cells. 

The above calculation can be regarded only as a very rough first ap- 
proximation for the following reasons: (1) As mentioned previously, it is 
not known to what extent glucose carbon 6 is converted to pentose by 
way of Reactions II to IV of Fig. 2. (2) Carbon 1 of glucose may be 


Cl Il. cl Cl 
C2 C2 
2 2-5 c3 + C2-5 * 
C4 C 1-6 C4 Cl1-6 
C5 c5 C 3-4 
c6 C6 C 2-5 
C 1-6 
P P 
Cc 6 + c, > cP + 
Glycolytic Enzymes Transketolase 
» cl IV. Cl cl 
C2 + C3 C2 c2 C2 
c3 c4 , C3-4 + 
cs c3 C4 c3 
C4 C4 cs c3 C 2-5 Cl-6 
cs cs C6 C4 C 1-6 
c6 C6 cs 
C6 
Transaldolase Transketolase 


Fic. 2. Schematic representation of reactions leading to the synthesis of pentose 


phosphate from hexose phosphate and triose phosphate. Cl to C6 signify carbon: 


atoms 1 to 6 of the glucose substrate. Carbon atom 1 of the triose phosphate, tetrose 
phosphate, pentose phosphate, and the heptulose phosphate is shown in each case at 
the top. 


converted to carbon 6 of fructose 6-phosphate, due to the reversal of the 
aldolase reaction and the hydrolysis of fructose diphosphate to fructose 
6-phosphate (Fig. 2, Reaction I). (3) The carbons of the glucose sub- 
strate may be randomized to the various carbons of fructose 6-phosphate. 
This could take place if the ribulose phosphate, which had been formed 
via the direct oxidative pathway, were utilized for the resynthesis of 
hexose phosphate by a reversal of the transketolase and transaldolase 
reactions. The formation of sedoheptulose diphosphate from erythrose 
phosphate and dihydroxyacetone phosphate, the hydrolysis of sedo- 
heptulose diphosphate to sedoheptulose 7-phosphate, and the conversion 
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of the latter to pentose phosphate and to hexose phosphate would also 
tend to randomize the carbon atoms of the glucose substrate. 

In connection with these possibilities, the ribose in some cases was de- 
graded by the periodate reaction. The formaldehyde formed from carbon 
5 of ribose was isolated as the dimedon derivative. When glucose-1-C' 
was the substrate, about 31 per cent of the ribose radioactivity was attrib- 
utable to ribose carbon 5, whereas, when glucose-6-C™ was the substrate, 
approximately 79 per cent of the radioactivity was found in ribose carbon 
5. This agrees fairly well with theoretical expectations but leaves open 
the possibility that some randomization takes place between carbon atoms 
1 and 6 of the hexose phosphates. By comparison, Hiatt has reported 
that the ribose isolated from the RNA of human tumor cells (HeLa) 
grown in tissue culture in the presence of glucose-1-C' contained 54 and 
34 per cent of the radioactivity in carbons 1 and 5, respectively (16). 

The free amino acids, glycine, serine, and alanine, were also degraded. 
With each of the glucose substrates, the carboxyl group carbon atoms of 
the three amino acids contained approximately 1 to 3 per cent of the radio- 
activity. When glucose-1-C'™ or glucose-6-C™ was used as substrate, no 
formation of labeled glycine was detectable by the methods used (12). 
However, approximately 70 to 80 per cent of the radioactivity of serine 
was recovered in the 6-carbon of that amino acid. With glucose-2-C", 
the 6-carbon of serine contained 7 to 8 per cent of the total serine radio- 
activity, while virtually all the radioactivity of glycine was found in the 
a-carbon of that amino acid. These results suggest that an extensive 
randomization of the isotope among all 6 carbon atoms of the glucose sub- 
strate did not take place under these experimental conditions. The radio- 
activity found in the 6-carbon of serine in the experiments with glucose-2- 
C™ could be attributable to the oxidation of that substance to ribulose 
phosphate via the direct oxidative pathway, the conversion of ribulose 
phosphate to 1 ,3-C'-fructose-6-phosphate by a reversal of Reactions IV, 
III, and II of Fig. 2 (1, 2), and the conversion of 1 ,3-C'*-fructose-6-phos- 
phate to serine (12). The carboxylation of 1-C'‘-ribulose-phosphate to 
3-C'4-phosphoglyceric acid could also lead to formation of serine-3-C 
(17). There is a third possibility, namely that some of the glucose-2-C 
might have been converted by glycolysis to phosphoenol pyruvate-2-C*%. 
The carboxylation of the latter substance to oxalacetate, the conversion of 
the oxalacetate to succinate, and the resynthesis of phosphoenol pyruvate 
from the succinate could then lead to the labeling of the phosphoenol 
pyruvate on the a- and $-carbons. From this compound, £8-labeled serine 
could arise (12). 

The pattern of labeling of the amino acids is similar to that observed in 
lactate by Villavicencio and Guzman-Barrén (4) after they had incubated 
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appendix cells or Gardner lymphosarcoma cells in the presence of radio- 
active glucose. With glucose-2-C™ as substrate, 94 to 95 per cent of the 
radioactivity was found in the a-carbon of lactate and approximately 3 to 
4 per cent in the 8-carbon. With glucose-1-C™ as substrate, only 0.8 to 
0.9 per cent of the radioactivity was found in the carboxyl carbon of lac- 
tate. 

It is of interest to compare the results reported in this paper with those 
of other investigators. Evidence has been presented that the ribose of 
Escherichia coli or yeast RNA is derived primarily by way of the direct 
oxidative pathway (18-20). On the other hand, in the fasted rat or chick, 
CQO, was incorporated into liver RNA pentose by combination of C, and 
C; units (14, 15). Both the transketolase-transaldolase pathway and the 
direct oxidative pathway operate to a significant extent in the synthesis 
of (a) ribose phosphate by Ehrlich tumor cell suspensions (21), (b) of RNA 
pentose of human tumor cells (HeLa) grown in tissue culture (16), and 
(c) of the ribityl portion of riboflavin in the mold, Ashbya gossypii (22). 

In experiments in vivo, Schmitz et al. (23) found a striking incorporation 
of glucose-1-C into the ribosyl portion of nucleotides isolated from the 
Flexner-Jobling tumor, and Marks and Feigelson (24) have shown that 
both carbon atoms 1 and 2 of glucose contribute to the synthesis of RNA 
pentose of rat liver. 


SUMMARY 


Ribose was isolated from the purine nucleotides of ribonucleic acid 
(RNA) of normal or malignant lymphatic cell suspensions which had been 
incubated in the presence of glucose-1-C', glucose-2-C™, or glucose-6-C™, 
With each of the tissues, the incorporation of C' was highest when glucose- 
2-C™ was the substrate, although as much radioactivity was incorporated 
from glucose-1-C™ as from glucose-6-C™. Approximately 31 and 79 per 
cent of the radioactivity was due to carbon atom 5 of ribose when glucose- 
1-C™ and glucose-6-C" were the respective substrates. With these sub- 
strates as well as with glucose-2-C", only 1 to 3 per cent of the radioactiv- 
ity of free serine, alanine, and glycine was due to the carboxy] carbon atoms. 
The results suggest that both the transketolase-transaldolase pathway and 
the direct oxidative pathway may be of importance in the synthesis of the 
ribose moiety of RNA by lymphatic cells and tumors. 
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THE METABOLISM OF ITACONIC ACID BY LIVER 
MITOCHON DRIA* 


By JULIUS ADLER, SHU-FANG WANG, ann HENRY A. LARDY 


(From the Department of Biochemistry and the Institute for Enzyme Research, 
University of Wisconsin, Madison, Wisconsin) 


(Received for publication, June 7, 1957) 


The natural occurrence of a great variety of methyl and methylene-sub- 
stituted dicarboxylic acids has prompted an investigation of the metabo- 
lism of some of these compounds by animal tissues. Guinea pig liver 
mitochondria did not catalyze measurably the oxidation of citraconate, 
dl-citramalate, 6-methyl malate, itamalate, or paraconate. Itaconic acid! 
was oxidized as rapidly as most members of the tricarboxylic acid cycle, 
and methyl succinate was oxidized one-sixth as fast and mesaconate one- 
eighth as fast as itaconate. 

The only information available about pathways of itaconate metabo- 
lism is that extracts of Clostridium tetanomorphum aminate mesaconate to 
B-methy] aspartate or hydrate it to d-citramalate, which then cleaves to 
acetate and pyruvate (2). Itaconic,' citraconic, and mesaconic acids are 
probably metabolized in the dog, since, when fed to dogs, they could be 
recovered in the urine to the extent of only 24, 28, and 64 per cent, respec- 
tively (3). 

In this paper, experimental results are reported which disclose the gen- 
eral pathway of itaconate metabolism by soluble extracts of rat and guinea 
pig mitochondria. 


* The work reported was supported by grants from the United States Public 
Health Service (No. A531) and the Life Insurance Medical Research Fund. A pre- 
liminary report was presented before the Federation of American Societies for Ex- 
perimental Biology, Chicago, April, 1957 (1). A detailed report, including chro- 
matographic evidence for the identification of intermediates, is included in the thesis 
of Julius Adler for the degree of Doctor of Philosophy, University of Wisconsin, 1957. 

t National Science Foundation Predoctorate Fellow, 1954-56. Present address, 
Department of Microbiology, Washington University School of Medicine, St. Louis, 
Missouri. 

1Ttaconic acid is methylenesuccinie acid (Fig. 4), mesaconie is methylfumaric 
acid, citraconic is methylmaleic acid, citramalic is a-methylmalic acid, itamalic is 
hydroxymethylsuecinic acid, and paraconic acid is its lactone, itatartarie is a-hy- 
droxymethylmalic acid, and hydroxyparaconie acid is its lactone, aconic acid is the 
lactone of enolized formylsuccinic acid, noreaperatic is a-n-tetradecyleitric acid, and 
agaric is a-n-hexadecyleitrie acid. 
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EXPERIMENTAL 


Materials and Methods 


Itaconic acid was obtained from the Eastman Kodak Company and was 
recrystallized before use. C'-Itaconic acid was prepared by exposing 
Aspergillus terreus NRRL 1960 to CO, for 4 days in the medium (4) which 
had already supported its growth for 10 days. Since, in a similar proce- 
dure in which the exposure to C'*O,2 was only 24 hours, the itaconic acid was 
found to be labeled in all carbon atoms (5), the product here was assumed 
to be uniformly labeled. The itaconic acid was isolated by crystallization 
from the concentrated medium (6) and was recrystallized three times to 
constant radioactivity (6.4 * 10‘ c.p.m. per mg.) and constant melting 
point (164-165°) and mixed melting point (164-165°). It gave a single 
peak in the same position as authentic itaconic acid on a Dowex 1 chroma- 
togram. Upon being boiled for 8 hours with 20 percent KOH, the product 
was converted to an equilibrium mixture containing the expected ratios 
of C-itaconic, mesaconic, and citraconic acids (7), which were separated 
by Dowex 1 chromatography. 

Mesaconic and methylsuccinic acids were purchased from the Aldrich 
Chemical Company, Inc.; the mesaconic acid was recrystallized before 
use (melting point 201—203°) and was shown by paper chromatography 
(5) to be free from itaconic acid. Citraconic acid was obtained from the 
H. M. Chemical Company. dl-Citramalic acid was a gift from Dr. Helge 
Larsen, and d-citramalic acid a gift from Dr. H. A. Barker. 

Other compounds were synthesized by the methods referred to: aconic 
acid (8, 9), paraconic and itamalic acids (10), hydroxyparaconic and itatar- 
taric acids (11), B-methylmalic acid (12), itaconic anhydride (13), and 
itaconyl CoA? (14). 

To assay itaconic acid the iodometric method of Friedkin (15) was con- 
verted to spectrophotometry. Reaction mixtures were deproteinized with 
1.0 ml. of 10 per cent trichloroacetic acid, which had been neutralized to 
pH 0.8 with NaOH, and then centrifuged. Into a 3 ml. Beckman cuvette 
were added 0.3 ml. of bromine reagent (15) from a micropipette up to 
1.0 ml. of sample and HCl at pH 1.2 to a volume of 3.0 ml. After 15 
minutes at room temperature, the change in optical density was read at 
385 mu, the wave length of an absorption maximum of bromine, and again 
at 20 minutes to ascertain that the reaction had gone to completion. 1 
umole of itaconic acid per ml. gives an absorbancy change of 0.22, and the 
change is linear at least up to 3 umoles per ml. 


2 The following abbreviations are used: CoA, coenzyme A; DPN, diphosphopyri- 
dine nucleotide; ATP, adenosine triphosphate; ITP, inosine triphosphate; GTP, 
guanosine triphosphate; Tris, tris(hydroxymethyl)aminomethane. 
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Other determinations were carried out by the methods in the literature: 
lactic acid (16), acetic acid (17), sulfhydryl groups (18), hydroxamate 
(19), and pyruvic acid (20). 

Dowex 1 chromatography was carried out according to Busch, Hurlbert, 
and Potter (21). The positions of several acids whose behavior on Dowex 
was previously unknown, together with a few common acids for reference, 
were found to be glutamic or aspartic acid, fraction Nos. 20 to 22, para- 
conic Nos. 35 to 41, succinic Nos. 37 to 43, malic Nos. 42 to 48, citramalic 
Nos. 42 to 48, methylsuccinic Nos. 42 to 48, B-methylmalic Nos. 47 to 52, 
itaconic Nos. 55 to 65, hydroxyparaconic Nos. 59 to 69, citric Nos. 72 to 
85, mesaconic Nos. 95 to 106, fumaric Nos. 100 to 110, and citraconic 
acids, Nos. 135 to 155. To separate aspartic from glutamic acid, 0.6 N 
instead of 6 N formic acid was used. Dowex 50 chromatograms (22) 
were obtained with the kind collaboration of Dr. Jean Tews. Silica gel 
chromatography was performed by gradient elution according to Lieber- 
mann (23). Paper chromatographic methods used are described under 
“Identification of intermediates.” 

Mitochondria were prepared by the method of Schneider (24) and mito- 
chondrial acetone powders and their extracts according to Drysdale and 
Lardy (25). CoA was removed from the extracts by the method of Chan- 
trenne and Lipmann (26). Fatty acid-activating enzyme (27) and succi- 
nate-activating enzyme (28) were gifts from Dr. David E. Green and Dr. 
David Gibson. 

For studies with intact mitochondria, each flask contained (except 
where mentioned otherwise) a heavy suspension of mitochondria, 0.01 m 
sodium itaconate, 0.005 m MgCl, 0.017 m phosphate buffer, pH 7.3, 0.15 m 
KCl to a volume of 3.0 ml. and an atmosphere of air. The soluble enzyme 
system which was assayed by Dowex 1 chromatography contained (except 
where otherwise indicated) 0.002 m C'‘-itaconate (6.4 X 10‘ é.p.m. per 
mg.), 0.006 m ATP, 0.007 m MgCl, 0.001 m CoA, 0.025 m phosphate at 
pH 7.3, 0.5 ml. of extract of guinea pig or rat liver mitochondrial acetone 
powder, and water to a volume of 2.0 ml. After incubation for 90 min- 
utes at 37°, the mixtures were prepared for chromatography by depro- 
teinization with 0.2 ml. of 30 per cent perchloric acid, centrifugation, and 
then neutralization to remove potassium perchlorate. 

In the C"O, fixation experiments, 0.05 ml. of extract was incubated for 
30 minutes at 37° with 0.02 m Tris chloride at pH 8.5, 0.003 m NaHC"O,, 
0.01 m itaconate (concentrations higher than 0.02 m inhibit), 0.005 m 
MgCl, 0.005 m ATP, and 0.001 m CoA in a total volume of 0.25 ml. After 
addition of 1.0 ml. of 6 N formic acid, the reaction mixtures were treated 
with dry ice to remove residual C“QO:, dried on planchets, and counted. 

The itaconate-dependent disappearance of DPNH was followed at 340 
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mu in the Beckman spectrophotometer at room temperature. Each 
cuvette contained the same concentrations of components as used in the 
CO, fixation studies, but the total volume was 1.0 ml., the DPNH con- 
centration was 1.5 & 10-4 mM, and 0.15 ml. of extract was used. 


Results 


Experiments with Intact Mitochondria 


Mitochondria from guinea pig liver catalyze the complete oxidation of 
itaconic acid (Figs. 1 and 2). With higher concentrations of itaconate 
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Fic. 1. Oxygen consumption during the oxidation of itaconate by guinea pig liver 
mitochondria. ‘‘Theory”’ is the sum of the endogenous oxygen uptake and the up- 
take expected (45 y atoms) for complete oxidation of the added 5 uwmoles of itaconate. 

Fic. 2. Carbon dioxide evolution during the oxidation of itaconate by guinea pig 
liver mitochondria. ‘‘Theory”’ is the sum of the endogenous carbon dioxide evolu- 
tion and the evolution expected (25 uwmoles) for complete oxidation of the 5 wmoles 
of itaconate. 


(0.01 m), the rate of oxidation is linear for 3 hours. This rate is approxi- 
mately the same as that for the oxidation of 8-hydroxybutyrate, succinate, 
fumarate, or malate. That itaconate disappears during the oxidation is 
shown both by the bromine assay and by nearly complete conversion of 
C'4-itaconate to C“O2. Only Mg** has to be added to a heavy suspension 
of mitochondria to obtain oxidation of itaconate; without added Mg++ the 
oxidation stops within 10 minutes. Added ATP (0.004 mM) slightly in- 
hibits. DPN (0.002 m) is required by dilute suspensions of mitochondria. 
Malonate (0.005 m) completely inhibits the oxidation and the disappear- 
ance of itaconate. 

Guinea pig liver mitochondria do not catalyze measurably the oxidation 
of citraconate, dl-citramalate, 8-methylmalate, itamalate, or paraconate; 
methy] succinate is oxidized one-sixth as fast and mesaconate one-eighth as 
rapidly as itaconate. Quite unexpectedly, aconic acid was oxidized as 
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fast as itaconate. Methyl succinate is probably converted here to mesac- 
onate, since it is oxidized by crude succinic dehydrogenase (29), and when 
it was fed to dogs mesaconate could be isolated from the urine (3). Ita- 
conate, mesaconate, citraconate, dl-citramalate, $8-methyl malate, and 
itamalate are not substrates for fumarase.’ 

Mitochondria from rat liver catalyze the oxidation of itaconate only 
when ATP (0.004 m) and MgCl. (0.005 m) are added; the oxidation is 
about one-fourth as fast as with guinea pig liver mitochondria. An oxi- 
dizable cosubstrate (0.01 m p- or pt-6-hydroxybutyrate or a-ketoglutarate) 
stimulates the oxidation of itaconate 2- to 4-fold after the Ist hour. With 
or without ATP and 6-hydroxybutyrate, mitochondria from rat brain or 
kidney or from pigeon liver do not catalyze the oxidation of itaconate. 
In a homogenate of rat or guinea pig liver, 0.01 m itaconate inhibits the 
endogenous respiration, probably because itaconate inhibits succinic de- 
hydrogenase (30, 31). 

Anaerobically, guinea pig liver mitochondria convert C"-itaconate to 
lactate, detected by Dowex 1 and paper chromatography (see ‘“‘Identifica- 
tion of intermediates’”’), and carbon dioxide, measured manometrically or 
as radioactivity in the center well KOH; acetate would escape detection by 
these methods. The reaction requires ATP (0.004 m) and Mgt+ (0.005 mu 
MgCl:), and is not catalyzed by heated mitochondria. The data are 
consistent with the cleavage of itaconyl CoA to acetyl CoA and pyruvate 
(described under “‘Itaconate metabolism assayed spectrophotometrically 
by DPNH disappearance’’), followed by dismutation of the pyruvate to 
lactate and to acetate and carbon dioxide. 


Experiments with Soluble Extracts 


C™-Itaconate Metabolism Assayed by Dowex 1 Chromatography—The 
metabolism of itaconic acid by extracts of acetone powder of mitochondria 
from guinea pig liver was first detected by Dowex 1 chromatography of 
reaction mixtures which had been incubated with C"-itaconate. Such 
chromatograms contain up to eight peaks in addition to the unused ita- 
conic acid (Fig. 3). The major peaks A, B, and G always appear, and 
peaks D and F usually appear. The minor components C, E, and H are 
frequently absent or perhaps present in such small amounts that they 
are difficult to detect. As documented under “Identification of inter- 
mediates,’’ peak A has been identified as glutamic acid, B as lactic acid, 
E as probably malic acid, F as citric acid with probably some pyruvic 
acid, G as mesaconie acid, .nd H as a-ketoglutaric acid; peaks C and D 
have not been identified. 

To obtain this metabolism, Mgt+, ATP, and CoA must be added to the 


3R. A. Alberty, personal communication. 
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extract. ITP can substitute for ATP. CoA cannot be replaced by cys- 
teine, glutathione, or N-acetylmercaptoethylamine. Atmospheres of air 
or helium are equally effective. No products appear when heated extract 
is used. At pH 6.1 or 7.3 (0.025 m phosphate buffers) the chromatogram 
of Fig. 3 can be obtained; at pH 8.5 (0.025 m Tris chloride buffer) the 
metabolism of itaconate is about twice as fast, and 5 to 10 times as much 
glutamate is produced. Addition of DPN (0.001 mM) at pH 7.3 stimulates 
the formation of lactate 5- to 20-fold. Carbon dioxide, measured as radio- 
activity in the KOH of the center well, is always a product when Mg?**, 
ATP, and CoA are added to the extract; at pH 8.5 carbon dioxide is pro- 
duced more rapidly than at pH 7.3 or 6.1. Malonate (0.005 m) inhibits 
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Fic. 3. Dowex 1 chromatogram of the metabolism of C4-itaconate by extracts of 

guinea pig liver mitochondrial acetone powder at pH 7.3. Peak A is glutamic acid, 

peak B, lactic acid, peak E, probably malic acid, peak F, citric acid with probably 

small amounts of pyruvic acid, peak G, mesaconic acid, and peak H, a-ketoglutaric 

acid. Peaks C and D have not been identified. The largest peak is remaining ita- 
conic acid. 


completely the disappearance of itaconate. Perhaps the activation of 
itaconate is inhibited, since malonate inhibits the metabolism of other 
acids which require activation (see (32)). 

Extracts dialyzed for 8 hours (0.15 m KCl in 0.01 m Tris, pH 8.5, 4 hours, 
then 0.01 m Tris, pH 8.5, 4 hours) do not produce lactate or glutamate. 
Addition of DPN to the dialyzed extracts restores the formation of lactate 
but not of glutamate; a-ketoglutarate appears instead of glutamate, prob- 
ably because dialysis removes endogenous NH,". 

In the presence of Mg++, ATP, and CoA, these extracts slowly convert 
C'-mesaconate to glutamate, the major product of itaconate metabolism, 
and to itaconate, C'4-Citraconate is even more slowly converted to gluta- 
mate. These isomerizations are analogous to the crotonase reaction 
(33, 34), and citramalyl CoA seems a likely intermediate. 

Extracts of acetone powder of rat liver mitochondria also metabolize 
rapidly as itaconate. Quite unexpectedly, aconic acid was oxidized as 
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itaconic acid, and the chromatograms are indistinguishable from those 
obtained with the extracts of the guinea pig liver mitochondrial acetone 
powder. Extracts of acetone powder of mitochondria from livers of 
biotin-deficient rats fail to form glutamate from itaconate but produce the 
other usual products; this observation led to the discovery of an itaconate- 
dependent carbon dioxide fixation catalyzed by extracts of liver mito- 
chondria from normal rats or guinea pigs (see under ‘“‘Itaconate metabo- 
lism assayed by CQ, fixation’’). 

Activation of Itaconate to Itaconyl CoA—As shown above, the metabo- 
lism of itaconate by soluble extracts requires the addition of Mg++, ATP 
or ITP, and CoA. This suggests that itaconate must be activated to 
itaconyl CoA before it can be metabolized (Fig. 4); the species activated 
on the carboxyl group further from the double bond has been tentatively 
assigned as the active one, since by cleavage (see under “Itaconate metab- 
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Fic. 4. The activation and cleavage of itaconie acid 


olism assayed spectrophotometrically by DPNH disappearance’’) it would 
give rise to acetyl CoA. Direct evidence for activation is the formation, 
at pH 7.3, of a hydroxamate which in the chromatographic system of 
Stadtman and Barker (35) has the Ry (0.39) of itaconhydroxamate; a 
second hydroxamate with the Rp of acethydroxamate usually appears. 
Succinate-activating enzyme (28), which occurs in these extracts, acti- 
vates itaconate in the presence of Mgt*+ (0.007 m MgCl), a nucleoside 
triphosphate (0.002 m) and CoA (0.0005 M), as assayed both by sulfhydryl] 
disappearance and hydroxamate formation. The rate is two-thirds that 
for the activation of succinate. The ratio of activity of GTP to ITP to 
ATP for activation of itaconate is 1:0.67:0.42, and for succinate 
1:0.67:0.27. The rate of sulfhydryl disappearance with itaconate plus 
succinate is the same as with succinate alone, under conditions whereby 
the rate does not depend on the concentration of succinate or itaconate. 
Thus it seems very likely that the same enzyme catalyzes the activation of 
both succinate and itaconate. Mesaconate, citraconate, citramalate, and 
methyl succinate are activated one-fifth to one-tenth as fast as itaconate, 
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as assayed by sulfhydryl disappearance. Tatty acid-activating enzyme 
(27) does not catalyze the activation of itaconate. 

Itaconate Metabolism Assayed Spectrophotometrically by DPNH Disap- 
pearance—When DPNH is added to incubation mixtures containing an 
extract of rat liver mitochondrial acetone powder, itaconate, Mg++, ATP, 
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Fic. 5. Itaconate metabolism assayed by DPNH disappearance spectrophoto- 
metrically. At the arrow, 0.4 umole of DPNH was again added. The enzyme was 


an extract of acetone powder from rat liver mitochondria. 
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The enzyme was an extract of rat liver mitochondrial acetone powder. To study 
ATP and CoA requirements, the extracts were treated with Dowex 1 (26). 


and CoA, the DPNH rapidly becomes oxidized, as measured by a decrease 
in absorbancy at 340 my (Fig. 5). Table I shows the dependence on each 
component. The pH optimum for DPNH disappearance is near 8.5 
(Tris buffer); at pH 9.3 (glycine) and 7.3 (phosphate) the activity is 77 
per cent of the maximal, and at pH 6.1 (cacodylate) 55 per cent of the 
maximal. 

For the explanation of the disappearance of DPNH we are indebted to 
the work of Barker et al. (2), who had shown (see “‘Discussion’’) that ex- 
tracts of C. tetanomorphum hydrate mesaconate to d-citramalate, and 
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cleave d-citramalate to acetate and pyruvate. Fig. 4 depicts the cleavage 
of itaconyl CoA to acetyl CoA and pyruvate, and the reduction of pyruvate 
to lactate by DPNH, which is catalyzed by endogenous lactic dehydro- 
genase. A balance study (Table II) shows that, within experimental 
error, as much lactate and acetate appear as DPNH disappears. Pyruvate 
accumulates if no DPNH is added, but some lactate and acetate also 
form, even in dialyzed extracts, probably because endogenous DPN per- 
mits the dismutation of pyruvate to lactate and acetate plus carbon diox- 
ide. For evidence of acetyl CoA formation, see ‘Activation of itaconate 
to itaconyl CoA.” In this cleavage, which is analogous to the cleavage 


TaBLeE II 
Balance Study for Itaconate-Dependent DPNH Disappearance* 
Bapgpment Components DPNH Lactatet Acetatet Pyruvatet 
pmoles pmoles pmoles pmole 
1 Complete 1.4 1.4 
2 ze 3.4 2.8 
3 - 2.9 2.1 2.7 0.010 
No DPNH 1.3 1.6 0.82 
** itaconate 0.13 <0.1 0.088 
4 Complete 3.4 2.2 3.7 
No DPNH 0.48 1.7 
‘* itaconate 0.12 <0.1 


* The enzyme source was an acetone powder of rat liver mitochondria. 

t Lactate was assayed colorimetrically (16), acetate by titration after distillation- 
diffusion (17), and pyruvate chromatographically (20). 

t The extract was dialyzed against 0.15 m KCl in 0.01 m Tris, pH 8.5, for 4 hours, 
then 0.01 m Tris, pH 8.5, for 4 hours. 


of B-methyl-8-hydroxyglutaryl CoA (36), citramalyl CoA seems a likely 
intermediate. The mechanism of the cleavage and its possible reversibil- 
ity are now under study. Mesaconate, citraconate, d- or dl-citramalate, 
paraconate, itamalate, and methyl succinate do not lead to DPNH dis- 
appearance. 

Itaconate Metabolism Assayed by C“%O, Fixation—In the presence of 
itaconate, extracts of guinea pig or rat liver mitochondrial acetone powder 
catalyze the fixation of C“O,. Table III shows the dependence of this 
fixation on enzyme, itaconate, Mg*t*, ATP, and CoA. ATP at 4 to 5 
times the optimal concentration is totally inhibitory (Fig. 6), as has been 
found with other ATP-requiring reactions (37). The pH optimum is near 
8.5 (Tris buffer); at pH 9.3 (glycine) the activity is 66 per cent of the 
maximum, at 7.8 (Tris) 33 per cent, at 7.3 (phosphate) 7 per cent, and at 
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extract. ITP can substitute for ATP. CoA cannot be replaced by cys- 
teine, glutathione, or N-acetylmercaptoethylamine. Atmospheres of air 
or helium are equally effective. No products appear when heated extract 
is used. At pH 6.1 of 7.5 (0.025 « phosphate buffers) the chromatogram 
of big. 3 can be obtemed. at pil 8.5 (0.025 « Trew chloride buffer) the 
metabohem af ttaconate m about as fast, and 5 to 10 times as much 
glutamate produced Addition of DPN (0.001 at pil 7.5 
the formation af lactate > to  Carhen dioxide, measured as rece 
aetivity m the KOH of the center well, « alwaye a product when Mg*’, 
ATP, and CoA are added to the extract, at pil 8.5 carbon diode i pro- 
duced more rapidly than at pli 7.5 of 6.1. Malonate (0.005 inhilats 
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Fic. 3. Dowex 1 chromatogram of the metabolism of C'*-itaconate by extracts of 

guinea pig liver mitochondrial acetone powder at pH 7.3. Peak A is glutamic acid, 

peak B, lactic acid, peak E, probably malic acid, peak F, citric acid with probably 

small amounts of pyruvic acid, peak G, mesaconic acid, and peak H, a-ketoglutaric 

acid. Peaks C and D have not been identified. The largest peak is remaining ita- 
conic acid. | 


completely the disappearance of itaconate. Perhaps the activation of 
itaconate is inhibited, since malonate inhibits the metabolism of other 
acids which require activation (see (32)). 

Extracts dialyzed for 8 hours (0.15 m KCl in 0.01 m Tris, pH 8.5, 4 hours, 
then 0.01 m Tris, pH 8.5, 4 hours) do not produce lactate or glutamate. 
Addition of DPN to the dialyzed extracts restores the formation of lactate 
but not of glutamate; a-ketoglutarate appears instead of glutamate, prob- 
ably because dialysis removes endogenous NH,’. 

In the presence of Mg++, ATP, and CoA, these extracts slowly convert 
C'*-mesaconate to glutamate, the major product of itaconate metabolism, 
and to itaconate, C'-Citraconate is even more slowly converted to gluta- 
mate. These isomerizations are analogous to the crotonase reaction 
(33, 34), and citramalyl CoA seems a likely intermediate. 

Extracts of acetone powder of rat liver mitochondria also metabolize 
rapidly as itaconate. Quite unexpectedly, aconic acid was oxidized as 
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itaconie acid, and the chromatograms are indixtinguishable from cose 
obtained with the extreet. of the gumen pag lwer acetone 
powder. Extracts of acetone powder af freee 
ruts fal to farm ghvtameate frome beet (hee 
other usual procuet=— thas obser atien bed to the very of an 
depemdent carbon fixetesr by extracts af mute 

of Itacomate to Itacongl CoA As ahewe, the 
of bw soluble exwtract« requires the af ATP 
ow TTY. and CoA. These that tacemate must be activated to 
tacony! CoA before ot can be metabolized (Pig. 4), the species activated 
on the carboxy! group further from the double bond has been tentatively 
aeuned as the active one, since by cleavage (see under “Itaconate metab- 
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Fic. 4. The activation and cleavage of itaconic acid 


olism assayed spectrophotometrically by DPNH disappearance”’) it would 
give rise to acetyl CoA. Direct evidence for activation is the formation, 
at pH 7.3, of a hydroxamate which in the chromatographic system of 
Stadtman and Barker (35) has the Ry (0.39) of itaconhydroxamate; a 
second hydroxamate with the R,- of acethydroxamate usually appears. 
Succinate-activating enzyme (28), which occurs in these extracts, acti- 
vates itaconate in the presence of Mgt+ (0.007 m MgCl), a nucleoside 
triphosphate (0.002 m) and CoA (0.0005 m), as assayed both by sulfhydryl] 
disappearance and hydroxamate formation. The rate is two-thirds that 
for the activation of succinate. The ratio of activity of GTP to ITP to 
ATP for activation of itaconate is 1:0.67:0.42, and for succinate 
1:0.67:0.27. The rate of sulfhydryl disappearance with itaconate plus 
succinate is the same as with succinate alone, under conditions whereby 
the rate does not depend on the concentration of succinate or itaconate. 
Thus it seems very likely that the same enzyme catalyzes the activation of 
both succinate and itaconate. Mesaconate, citraconate, citramalate, and 
methyl succinate are activated one-fifth to one-tenth as fast as itaconate, 
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as assayed by sulfhydryl disappearance. Fatty acid-activating enzyme 
(27) does not catalyze the activation of itaconate. 

Itaconate Metabolism Assayed Spectrophotometrically by DPNH Disap- 
pearance—When DPNH is added to incubation mixtures containing an 
extract of rat liver mitochondrial acetone powder, itaconate, Mg++, ATP, 
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Fic. 5. Itaconate metabolism assayed by DPNH disappearance spectrophoto- 
metrically. At the arrow, 0.4 umole of DPNH was again added. The enzyme was 
an extract of acetone powder from rat liver mitochondria. 


TABLE I 
Requirements for Itaconate-Dependent DPNH Disappearance 
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The enzyme was an extract of rat liver mitochondrial acetone powder. To study 
ATP and CoA requirements, the extracts were treated with Dowex 1 (26). 


and CoA, the DPNH rapidly becomes oxidized, as measured by a decrease 
in absorbancy at 340 my (Fig. 5). Table I shows the dependence on each 
component. The pH optimum for DPNH disappearance is near 8.5 
(Tris buffer); at pH 9.3 (glycine) and 7.3 (phosphate) the activity is 77 
per cent of the maximal, and at pH 6.1 (cacodylate) 55 per cent of the 
maximal. 

For the explanation of the disappearance of DPNH we are indebted to 
the work of Barker et al. (2), who had shown (see ‘“‘Discussion’’) that ex- 
tracts of C. tetanomorphum hydrate mesaconate to d-citramalate, and 
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cleave d-citramalate to acetate and pyruvate. Fig. 4 depicts the cleavage 
of itaconyl CoA to acetyl CoA and pyruvate, and the reduction of pyruvate 
to lactate by DPNH, which is catalyzed by endogenous lactic dehydro- 
genase. A balance study (Table II) shows that, within experimental 
error, as much lactate and acetate appear as DPNH disappears. Pyruvate 
accumulates if no DPNH is added, but some lactate and acetate also 
form, even in dialyzed extracts, probably because endogenous DPN per- 
mits the dismutation of pyruvate to lactate and acetate plus carbon diox- 
ide. For evidence of acetyl CoA formation, see ‘Activation of itaconate 
to itaconyl CoA.” In this cleavage, which is analogous to the cleavage 


TABLE II 
Balance Study for Itaconate-Dependent DPNH Disappearance* 
Components DPNH Lactatet | Acetatet Pyruvatet 
pmoles pmoles pmoles pmole 
1 Complete 1.4 1.4 
2 3.4 2.8 
3 7” 2.9 2.1 2.7 0.010 
No DPNH 1.3 1.6 0.82 
‘* itaconate 0.13 <0.1 0.088 
4t Complete 3.4 2.2 3.7 
No DPNH 0.48 1.7 
‘* itaconate 0.12 <0.1 


* The enzyme source was an acetone powder of rat liver mitochondria. 

t Lactate was assayed colorimetrically (16), acetate by titration after distillation- 
diffusion (17), and pyruvate chromatographically (20). 

t The extract was dialyzed against 0.15 m KCl in 0.01 m Tris, pH 8.5, for 4 hours, 
then 0.01 m Tris, pH 8.5, for 4 hours. 


of B-methyl-8-hydroxyglutaryl CoA (36), citramalyl CoA seems a likely 
intermediate. The mechanism of the cleavage and its possible reversibil- 
ity are now under study. Mesaconate, citraconate, d- or dl-citramalate, 
paraconate, itamalate, and methyl succinate do not lead to DPNH dis- 
appearance. 

Itaconate Metabolism Assayed by C™%O, Fixation—In the presence of 
itaconate, extracts of guinea pig or rat liver mitochondrial acetone powder 
catalyze the fixation of C“O.. Table III shows the dependence of this 
fixation on enzyme, itaconate, Mgt*+, ATP, and CoA. ATP at 4 to 5 
times the optimal concentration is totally inhibitory (Fig. 6), as has been 
found with other ATP-requiring reactions (37). The pH optimum is near 
8.5 (Tris buffer); at pH 9.3 (glycine) the activity is 66 per cent of the 
maximum, at 7.8 (Tris) 33 per cent, at 7.3 (phosphate) 7 per cent, and at 
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6.1 (cacodylate) there is no measurable carbon dioxide fixation. The prod- 

ucts of the fixation are shown in the Dowex 1 chromatogram of lig. 7. 
The pathway for this fixation is that pyruvate, from the cleavage of 

itaconyl CoA, fixes carbon dioxide. The product, oxalacetate, can either 


TaBLe III 
Requirements for Itaconate-Dependent Carbon Dioxide Fixation 
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The enzyme was an extract of acetone powder from rat liver mitochondria. 
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Fic. 6. Effect of ATP on the itaconate-dependent carbon dioxide fixation. The 
enzyme was an extract of acetone powder from rat liver mitochondria. 

Fic. 7. Dowex 1 chromatogram of C'*-carbon dioxide fixation by C'*-itaconate. 
Peak A is glutamic acid, peak E, malic acid, peak F, citric acid, and peak H, a-keto- 
glutaric acid. The amount of peak E is greater than in a typical experiment. The 
enzyme was an extract of acetone powder from rat liver mitochondria, 


reduce to malate or combine with the acetyl CoA from the cleavage to form 
citrate, a-ketoglutarate, and glutamate. In the presence of Mg++, ATP, 
and these extracts, pyruvate or phosphopyruvate fixes carbon dioxide 
one-half as fast as does itaconate, but the addition of acetyl CoA increases 
the rate to 4 times that for itaconate. The fixation by pyruvate is prob- 
ably due to the reaction of Utter and Kurahashi (38), and acetyl CoA is 
presumed to stimulate by trapping the oxalacetate as citrate. 

As expected from this pathway, the carbon dioxide liberated from glu- 
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tamate by ninhydrin accounts for all the radioactivity in the glutamic 
acid; z.e., the glutamic acid is labeled exclusively in the a-carboxyl carbon. 
The same extracts convert the isolated citric acid to glutamate labeled 
exclusively in the a-carboxyl carbon and to carbon dioxide containing 
about as much radioactivity as the glutamate; this radioactivity in the 
carbon dioxide probably arises from the equilibration of oxalacetate and 
malate with the symmetrical compounds, fumarate and succinate. Fluoro- 
citrate (8 X 10-4 m), which is known to inhibit aconitase (39), prevents 
almost completely the formation of a-ketoglutarate and glutamate, but 
not the formation of malate and doubly labeled citrate. 

By sidetracking the pyruvate to lactate, DPNH inhibits the fixation 
completely at 8 X 10-* m and 80 per cent at 2 X 10-* M; this effect led to 
the observation that DPNH disappears in these incubation mixtures (see 
above). DPN and TPN also inhibit, but less effectively. The CO, 
fixation in the presence of added pyruvate is also inhibited by DPNH. 
The inhibition of the itaconate-dependent carbon dioxide fixation by 
DPNH would be difficult to explain if, in addition, a direct carboxylation 
of itaconate to a tricarboxylic acid occurs. Also, the formation of acetate 
and pyruvate from itaconate must precede carbon dioxide fixation, since 
this formation occurs readily at pH 7.0 (see above), where carbon dioxide 
fixation does not take place. 

Mesaconate, citraconate, d- or dl-citramalate, paraconate, itamalate, 
itatartarate, and methyl succinate do not support fixation of carbon diox- 
ide by the mitochondrial extract. 


Identification of Intermediates 


Peak A (Figs. 3 and 7) has been identified as glutamic acid by the fol- 
lowing criteria: peak A obtained by metabolism of C'‘-itaconate (Fig. 3) 
coincides with authentic glutamic but not aspartic acid on Dowex 1, 
Dowex 50, and paper (methyl ethyl ketone, propionic acid, water (40)) 
chromatograms; with ninhydrin it gives the color expected for amino 
acids. Peak A obtained by CO, fixation (Fig. 7) coincides with authentic 
glutamic acid on a Dowex 1 chromatogram, and yields CO, when treated 
with ninhydrin. 

Peak B has been identified as lactic acid by these criteria: peak B of 
Fig. 3 coincides with authentic lactic acid on a Dowex 1 chromatogram, 
it appears where lactic acid is known to appear on a silica gel column, and it 
can be measured by the Barker-Summerson assay for lactic acid (16). 
Peak B from intact mitochondria incubated anaerobically comes out where 
lactic is expected in a Dowex 1 chromatogram and in two paper chromato- 
graphic systems (13 ether, 3 glacial acetic acid, 1 water (41); 12 ether, 5 
toluene, 3 formic acid (5)). 
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Peaks C and D have not been identified. The position of peak D ona 
Dowex 1 chromatogram is close to or identical with that for paraconic 
acid. The carbon atoms of peaks C and D must come exclusively from 
the carbons of itaconate, not from carbon dioxide, since, when CQO, and 
C'*-itaconate are substrates, peaks C and D do not become labeled. 

Peak E, obtained by CO, fixation (Fig. 7), coincides with authentic 
malic acid on a Dowex 1 chromatogram. Not enough peak E has been 
obtained from C"-itaconate metabolism (Fig. 3) to identify it definitely, 
although its position is the same as that of malic acid. Citramalic acid is 
expected in the same region of the chromatogram. 
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Fig. 8. Identification of C'*-mesaconic acid by Dowex 1 chromatography. The 
area under the heavy line represents radioactivity; the area with diagonal lines repre- 
sents titration of added mesaconic acid. 

Fic. 9. Identification of C'*-mesaconic acid by Dowex 1 chromatography of C"*- 
methylsuccinic acid obtained from the reduction of mesaconic acid. The area under 
the heavy line represents radioactivity. The area with diagonal lines represents 
titration of added methylsuccinic acid. 


Peak F of Fig. 3 coincides with authentic citric acid on a Dowex 1 chro- 
matogram. Pyruvic acid may constitute a small part of peak F, since 
the positions of pyruvic and citric acids on Dowex 1 chromatograms are 
very close, and on a chromatogram (20) of the 2,4-dinitrophenylhydra- 
zones obtained from an aliquot of the reaction mixture used for the chro- 
matogram of Fig. 3, a small amount of radioactivity coincides 
with authentic pyruvic 2,4-dinitrophenylhydrazone. Table II shows 
direct evidence for pyruvate. Peak F obtained by COQ, fixation (Fig. 7) 
also coincides with citric acid on a Dowex 1 chromatogram, and, like au- 
thentic citric acid, is converted to glutamate and carbon dioxide by extracts 
of acetone powder of rat or guinea pig liver mitochondria. 

Peak G of Fig. 3 has been identified as mesaconic acid by its coincidence 
with authentic mesaconic acid on Dowex 1 (Fig. 8) and silica gel chromato- 
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grams. After reduction with sodium amalgam, it coincides with authentic 
methylsuccinic acid on a Dowex 1 chromatogram (Fig. 9). 

Peak H of Figs. 3 and 7 is eluted from a Dowex 1 chromatogram where 
a-ketoglutaric acid is expected. In addition, radioactivity coincides with 
authentic a-ketoglutaric-2 ,4-dinitrophenylhydrazone on a chromatogram 
(20) of the 2,4-dinitrophenylhydrazones obtained from an aliquot of the 
reaction mixtures used for the chromatogram of Fig. 3. 

Acetic acid was identified by titration after distillation-diffusion (17), 
and by the lanthanum color test (42). Silica gel chromatography showed 
that propionic acid was not produced. 


DISCUSSION 


The biological significance of the metabolism of itaconic and mesaconic 
acids in animals depends upon the occurrence of these compounds in food 
and in the animals themselves. In cabbage, mesaconic acid represents 
0.1 per cent of the dry weight (43), so that it may be introduced into the 
diet at least from this source. So far, a search for these acids in animals 
has not been reported. A chromatogram of acids in muscle of malonate- 
treated rats (44) shows a small, unknown peak in the position in which 
itaconate would be expected; since malonate inhibits itaconate metabolism, 
malonate-treated animals might be expected to accumulate itaconic acid 
if it is a natural metabolite. Liver mitochondria do not catalyze the de- 
carboxylation (45, 46) of cis-aconitate to itaconate under conditions effec- 
tive in the mold A. terreus. If in mitochondria the cleavage of itaconyl 
CoA to acetyl CoA and pyruvate is reversible, then itaconate could be 
synthesized in animals. 

Other hypothetical routes for the biosynthesis of itaconic acid and re- 
lated compounds are the reactions of propionyl CoA (47) or acrylyl CoA 
with oxalacetate, and the condensations of propionyl CoA with glyoxylate 
(48) and pyruvate with pyruvate (49). The condensation of propionyl 
CoA with oxalacetate (47) is a prototype reaction which might account 
for the natural occurrence of norcaperatic! (50) and agaric (51) acids which 
occur in flies and fungi respectively. 

Possibly knowledge of the pathway of breakdown of itaconate in animals 
could be applied to a study of itaconate metabolism in the molds 
Aspergillus itaconicus and A. terreus. The pathway of itaconate metabo- 
lism in animals is strikingly parallel to that of mesaconate in C. tetano- 
morphum. In this bacterium (2) mesaconate is hydrated to d-citramalate, 
which cleaves to acetate and pyruvate; but ATP and CoA are not required, 
and itaconate is not attacked. The role of itaconyl-, mesaconyl-, and 
citramalyl CoA in the metabolism of itaconate by liver enzymes is being 
investigated. 
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SUMMARY 


1. Mitochondria from guinea pig liver in the presence of Mgt* catalyze 
the complete oxidation of itaconic acid. Methyl succinate and mesaconate 
are oxidized slowly, and citraconate, dl-citramalate, 6-methyl malate, 
paraconate, and itamalate not at all. 

2. Soluble extracts of acetone powder of guinea pig or rat liver mito- 
chondria metabolize itaconate to mesaconate, acetate, pyruvate, lactate, 
malate, citrate, a-ketoglutarate, glutamate, and COs, if Mg++, adenosine 
triphosphate (ATP), and coenzyme A (CoA) are added. 

3. The first step in this metabolism is the activation of itaconate to 
itaconyl CoA. Succinate-activating enzyme in the presence of Mg**, a 
nucleoside triphosphate, and CoA can catalyze this activation. 

4. The major reaction of itaconyl CoA in these extracts is a cleavage to 
acetyl CoA and pyruvate. The reduction of pyruvate to lactate by re- 
duced diphosphopyridine nucleotide provides a spectrophotometric assay 
for this reaction. Mesaconate, citraconate, methyl succinate, d- or dl- 
citramalate, itamalate, and paraconate are inactive as substrates. 

5. In the presence of itaconate the extracts catalyze the fixation of car- 
bon dioxide. It is probable that pyruvate, from the cleavage of itaconyl 
CoA, fixes carbon dioxide to form oxalacetate, which then combines with 
the acetyl CoA from the cleavage to form citrate and, in turn, a-ketoglu- 
tarate and glutamate. 

6. The extracts catalyze slowly the conversion of mesaconate to itacon- 
ate and the products of itaconate metabolism if ATP, Mg++, and CoA 
are added. 
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THE IDENTIFICATION OF “DIRECT-REACTING” BILIRUBIN 
AS BILIRUBIN GLUCURONIDE* 


By RUDI SCHMIDt 


(From the National Institute of Arthritis and Metabolic Diseases, National 
Institutes of Health, United States Public Health Service, 
Bethesda, Maryland) 


(Received for publication, July 1, 1957) 


It has long been recognized that, with p-diazobenzenesulfonic acid 
(van den Bergh reagent), bilirubin in serum of patients with jaundice may 
exhibit two types of reaction (1, 2). If coupling with the diazo reagent 
occurs promptly in aqueous solution, the reaction is said to be “direct;” 
if, however, coupling takes place only after prior addition of alcohol, the 
reaction is said to be “‘indirect.”” The factors responsible for this difference 
in behavior have been a matter of much controversy (3), but, in recent 
years, evidence has rapidly accumulated to suggest that the two types of 
reaction observed reflect the presence of two different forms of the pigment 
in the serum (4-6). Thus, bilirubin giving an “indirect” diazo reaction 
appeared to be similar to crystalline bilirubin which is soluble in chloro- 
form, but insoluble in water (7), whereas ‘‘direct-reacting” bilirubin is 
more water-soluble (6). The two pigment fractions could be separated 
by paper chromatography (5), by column chromatography (8), or by re- 
verse phase column chromatography (6), but the more water-soluble of 
the two compounds was found to be so unstable that satisfactory purifica- 
tion and isolation could not be achieved (6). A possible way of overcoming 
this difficulty was indicated by the observation of Ekuni (9) and Kawai 
(10), later confirmed by Billing (11), that the two forms of bilirubin gave 
rise to two more stable ‘“azobilirubins,”’ which could be separated by 
chromatography. In the present investigation, the bilirubin present in 
normal bile and in serum and urine of jaundiced patients was converted to 
the respective hydroxypyrromethene azo derivatives (12), chromato- 
graphed on paper, purified, and studied. In preliminary communications, 
it has been reported that the azo derivative of water-soluble ‘‘direct- 
reacting”’ bilirubin contains a mole of glucuronic acid, whereas the deriva- 
tive of water-insoluble ‘‘indirect-reacting” bilirubin lacks this component 
(13, 14). 

* Presented in part at the Twenty-ninth annual meeting of the Central Society 
for Clinical Research, Chicago, Illinois, November 10, 1956. 

t Present address, Thorndike Memorial Laboratory (Harvard), Boston City 
Hospital, Boston, Massachusetts. 
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Materials and Methods 


Fresh human bile was collected from the common bile duct in individuals 
undergoing laparotomy (liver bile) or from the gallbladder at autopsy 
(gallbladder bile). Plasma and urine from patients with various disorders 
associated with jaundice! were frozen immediately after collection. In 
instances in which the patients were not hospitalized at the National 
Institutes of Health, the freshly frozen samples were shipped to us packed 
in dry ice.? All specimens were analyzed as soon as possible after collec- 
tion. 

To prepare the hydroxypyrromethene azo derivatives of bilirubin, the 
samples were put in an ice bath, and the pH was adjusted to 4.0 with glacial 
acetic acid. An equal volume of freshly prepared p-diazobenzenesulfonic 
acid (16) was then added, and the mixture was stirred for 15 minutes. 
After addition of another volume of freshly prepared diazo reagent and 
3 volumes of ethanol, stirring was continued for another 30 minutes. 
The reaction mixture was then washed with large volumes of chloroform 
until the washes were entirely colorless. After adjustment of the pH 
to 4.0, the aqueous fraction, containing the azo derivatives, was extracted 
with n-butanol until there was no pink color left in the aqueous phase. 
The combined butanol extracts were evaporated in vacuo at 30°, and the 
dry residue was dissolved in 1 ml. of 1 N acetic acid for paper chromatog- 
raphy. 

In applying this method to specimens of serum, bile, and urine, the 
following was found to be of importance: with serum, washing the reaction 
mixture containing the derivatives with chloroform frequently resulted in 
precipitation of proteins. Since some of the derivatives remained at- 
tached to the precipitate, this was collected by filtration and repeatedly 
extracted with a 4:1 mixture of n-butanol and glacial acetic acid. In 
this way, most of the azo derivatives could be brought into the solvent 
mixture which was then separated into a butanol and an aqueous phase by 
addition of an equal volume of water. The butanol containing the azo 
derivatives was evaporated as indicated above. 

With bile, it was found necessary to remove bile acids by washing the 
aqueous reaction mixture containing the derivatives with a 7:3 mixture of 
n-heptane and n-butanol as well as with chloroform. 

With urine, it was observed that the addition of p-diazobenzenesulfonic 
acid resulted not only in formation of hydroxypyrromethene azo deriva- 
tives, but also variable amounts of an unknown brown pigment. The 


1 Included were patients with hemolytic, obstructive and non-hemolytic, non- 
obstructive jaundice (15). 

2 The cooperation of Dr. B. Childs (Baltimore), Dr. W. G. Klingberg (St. Louis), 
Dr. R. Aldrich (Seattle), Dr. I. M. Rosenthal (Chicago), Dr. P. 8. Gerald (Boston), 
and Dr. I. Brick (Washington, D. C.) is gratefully acknowledged. 
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formation of this brown pigment could be diminished by acidifying the 
urine to pH 2.0 prior to the addition of the diazo reagent. It remained 
in the aqueous phase, when the hydroxypyrromethene derivatives were 
extracted with n-butanol. 

The hydroxypyrromethene azo derivatives were separated and purified 
by ascending paper chromatography on Schleicher and -Schuell paper 
No. 598, with use of a solvent system consisting of methyl ethyl ketone, 
propionic acid, and water (75:25:30). After elution of the compounds 
with 0.05 n hydrochloric acid, their optical density at 560 my was deter- 
mined in a Beckman quartz spectrophotometer. The molar concentration 
was obtained by comparison with a standard curve prepared with crystal- 
line bilirubin (Fisher Scientific Company) by the method of Malloy and 
Evelyn (16). 

For the purpose of identification, purified hydroxypyrromethene azo 
derivatives were subjected to acid or enzymatic hydrolysis, and the hy- 
drolysates were analyzed for their content of glucuronic acid and of free 
hydroxypyrromethene derivatives. Acid hydrolysis was carried out in 
sealed glass tubes in 1 N hydrochloric acid at 100° for 90 minutes. At 
the end of this period, a small aliquot of the hydrolysate was removed for 
spectrophotometric estimation and paper chromatographic analysis of the 
azo derivatives. The major portion of the hydrolysate was decolorized 
with activated charcoal. The supernatant fluid was filtered through 
glass wool and then lyophilized. The dry residue was dissolved in 1 ml. 
of water for estimation of glucuronic acid by the method of Dische (17). 

Enzymatic hydrolysis was carried out with beef liver 6-glucuronidase 
(Warner-Chilcott) or with bacterial B-glucuronidase (Sigma, Lot 125-63) 
at 37° for 24 hours under nitrogen. The incubation mixtures contained 
1500 units of animal 6-glucuronidase and 750 umoles of acetate buffer, 
pH 4.6, or 50 mg. of bacterial 8-glucuronidase and 750 umoles of phosphate 
buffer, pH 6.2, in a final volume of 3 ml. At the end of the incubation 
period, a 1.5 ml. aliquot was removed, the pH was adjusted to 4.0, and the 
hydroxypyrromethene derivatives were extracted with n-butanol. A 
small portion of the butanol extract was used for paper chromatography 
and the remainder was evaporated to dryness. The residue was dissolved 
in 0.05 n hydrochloric acid, and the azo derivatives were estimated spec- 
trophotometrically. The remainder of the incubation mixture was acidified 
with hydrochloric acid, and then decolorized with activated charcoal, and 
the glucuronic acid was estimated as described above. 

The azo derivatives of crystalline bilirubin (Fisher Scientific Company) 
and of synthetic neoxanthobilirubinic acid? and isoneoxanthobilirubinic 
acid® were prepared by mixing saturated alcoholic solutions of these com- 


>We are grateful to Professor Walter Siedel, Frankfurt-Hoechst (Germany), for 
making these isomeric hydroxypyrromethene compounds available to us. 
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pounds with p-diazobenzenesulfonic acid. The resulting derivatives were 
extracted with n-butanol. The latter was evaporated in a vacuum, and 
the residue was dissolved in 1 ml. of 1 N acetic acid. The compounds ob- 
tained in this way were compared chromatographically and spectroscopi- 
cally with the derivatives derived from bilirubin in serum, bile, and urine. 


Results 


When the hydroxypyrromethene azo derivatives, prepared from bili- 
rubin in serum, were studied by paper chromatography, it became ap- 
parent that the results depended on the clinical type of jaundice from which 
the serum specimens were obtained. In instances of hemolytic and of 
non-hemolytic non-obstructive jaundice, in which most of the serum 
bilirubin exhibits an “indirect”’ reaction, paper chromatography with the 
above solvent system yielded a single band with an Ry of 0.5 (Type A 
derivatives). Identical chromatographic findings were obtained with the 
azo derivatives of crystalline bilirubin, of neoxanthobilirubinic acid, and 
of isoneoxanthobilirubinic acid. On the other hand, in patients with 
obstructive jaundice, in whom the serum bilirubin exhibits predominantly 
a “direct”’ reaction, paper chromatography yielded, in addition to Type A 
derivatives, a second and usually much stronger band with an Ry, of 0.25 
to 0.30 (Type B derivatives). 

In individuals with hemolytic and with non-hemolytic non-obstructive 
jaundice, bilirubin could not be demonstrated in the urine. In obstructive 
jaundice, on the other hand, urine regularly contained pigments which on 
paper chromatography yielded mostly Type B derivatives accompanied 
only by traces of Type A derivatives. Bilirubin collected from fresh liver 
bile of individuals without jaundice resulted, after coupling, predominantly 
in the formation of Type B derivatives while the amounts of Type A 
derivatives formed were much smaller. : 

Type A and Type B derivatives, while differing in chromatographic 
behavior, appeared to have similar absorption spectra in the visible and 
near ultraviolet range, exhibiting in 0.1 N hydrochloric acid maximal 
optical density at 552 mu. Hydrolysis of Type B derivatives resulted in 
the formation of equimolar amounts of glucuronic acid and of Type A 
derivatives (Table I). The same molar ratio of glucuronic acid to Type 
A derivatives was observed, whether hydrolysis was achieved by acid or by 
6-glucuronidase, and whether the substrate was obtained from normal 
bile or from serum and urine of patients with obstructive jaundice (Table 
I). No hydrolysis occurred on incubating Type B derivatives at pH 6.2 
with heat-inactivated enzyme (Table I). The Type A derivatives, ob- 
tained by hydrolysis of Type B derivatives, exhibited chromatographic 
and spectroscopic properties identical with those of the azo derivatives 
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derived from crystalline bilirubin and from serum bilirubin of patients 
with hemolytic jaundice. Hydrolysis of Type A derivatives isolated 
directly from serum and bile failed to yield glucuronic acid (Table I). 

If normal bile or urine from individuals with obstructive jaundice 
exhibiting a pH greater than 7 was incubated for 24 hours at 37°, the 
amounts of Type B derivatives obtained were often smaller and those of 
Type A derivatives larger than before incubation. Heating of such bile 


TABLE I 


Enzymatic and Acid Hydrolysis of Type A and Type B 
Hydroxypyrromethene Azo Derivatives 


Substrate Product 
Source of azo derivatives Hydrolysis Type mown Type of 1 
ivatives sivatives acid 
umole umole pmole 
Liver bile Enzymatic B 0.10 A 0.083 0.09 
B 0.70 A 0.61 0.58 
B 0.45 B 0.40 <0.01 
(inacti- 
vated) * 
ms Acid B 0.41 A 0.41 0.39 
B 0.72 A 0.75 
Serumt = B 0.36 A 0.40 
B 0.33 A 0.34 
Urinet sy B 0.47 A 0.48 
Gallbladder bile " A 0.28 A <0.01 
Serum$ A 0.41 A <0.01 


* 8-Glucuronidase inactivated by heating at 100° for 30 minutes. 

t Acid hydrolysis converted quantitatively Type B to Type A azo derivatives. 
t Serum and urine from patients with obstructive jaundice. 

§ Serum from patient with hemolytic jaundice. 


or urine specimens for 1 hour at 100° produced similar changes. The 
ratio of Type A to Type B derivatives was frequently found to be smaller 
in fresh liver bile than in stagnant gallbladder bile. In the latter, it 
occasionally approached a value of 1. Yellow gallstones, recovered from 
the gallbladder at autopsy or at cholecystectomy, yielded only Type A 
derivatives. If undiluted serum containing “direct-reacting” bilirubin or 
normal bile were buffered at pH 6.2, incubation with bacterial 8-glucuroni- 
dase did not significantly alter the ratio of Type A to Type B derivatives. 

After treating normal human bile with p-diazobenzenesulfonic acid, 
paper chromatography occasionally revealed, in addition to Type A and 
Type B derivatives, small amounts of other azo derivatives, exhibiting a 
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similar absorption spectrum but a different Ry. However, the concen- 
tration of these compounds was so small that sufficient material could not 
be obtained for analysis. 


/ DISCUSSION 


Since it has been demonstrated that an excess of p-diazobenzenesulfonic 
acid converts a mole of bilirubin to 2 moles of hydroxypyrromethene azo 
derivatives (12), and since bilirubin is asymmetric with regard to its 
methyl and vinyl side chains (18), the resulting derivatives represent a 
mixture of two isomeric hydroxypyrromethenes. With paper chromatog- 
raphy in the system used, however, the two isomers could not be separated; 
this, for the purpose of the present discussion, permits us to regard them 
as a single compound.‘ The lack of chromatographic separation of the 
two isomers is further demonstrated by the finding that the azo derivatives 
of the isomeric compounds neoxanthobilirubinic acid and isoneoxantho- 
bilirubinic acid also had the same FP, value. 

The finding that serum from jaundiced patients, exhibiting a “direct” 
van den Bergh reaction, yielded derivatives which contained an equimolar 
amount of glucuronic acid, whereas “‘indirect-reacting” bilirubin yielded 
only Type A derivatives, indicates that ‘“‘direct-reacting”’ bilirubin is a 
glucuronide. The data obtained in this way, however, do not permit a 
final decision as to whether the parent ‘“‘direct-reacting”’ bilirubin is a 
mono- or a diglucuronide. Obviously, the former would be expected to 
yield an equal mixture of Type A and Type B derivatives, whereas the 
latter would yield only Type B derivatives. The observation that normal 
liver bile and urine from patients with obstructive jaundice produced 
much larger amounts of Type B derivatives than of Type A is believed to 
indicate that water-soluble bilirubin is predominantly a diglucuronide. 
On the other hand, the occurrence in these instances of a small amount of 
Type A derivatives along with the Type B derivatives suggests that a 
minor fraction of the ‘‘direct-reacting”’ bilirubin may also be present as a 
monoglucuronide, a finding which is in agreement with the conclusions 
reached by Billing, Cole, and Lathe (19). 

Because of the alkali lability of Type B derivatives, it is believed that 
the glucuronic acid is esterified with the carboxyl groups of bilirubin (19, 
20). Such a structure would explain the relatively rapid hydrolysis of 
bilirubin glucuronide on incubation at 37°, and on heating at 100°, par- 
ticularly in instances in which the pH tends to be alkaline, as is the case 
in bile and urine. Partial hydrolysis of bilirubin glucuronide is believed 
to account for the frequent observation that the ratio of Type A to Type 
B derivatives is larger in stagnant bile, obtained from the gallbladder, 
than in fresh liver bile. The finding that yellow gallstones recovered from 
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the gallbladder contain only free, “indirect-reacting”’ bilirubin is in agree- 
ment with this concept. The possible role of enzymatic hydrolysis of 
bilirubin glucuronide in serum, bile, and urine is difficult to evaluate 
because of the frequent presence of 8-glucuronidase inhibitors (21, 22). 
This may explain why in undiluted serum and bile, buffered at pH 6.2, sig- 
nificant hydrolysis of bilirubin glucuronide could not be demonstrated 
after incubation with bacterial 6-glucuronidase. 

At neutral pH, bilirubin is almost insoluble in water (7), whereas bili- 
rubin glucuronide is water-soluble over a wide pH range (5). This differ- 
ence in solubility undoubtedly accounts for the different behavior of the 
two types of pigment in the coupling reaction with p-diazobenzenesulfonic 
acid, as employed in the van den Bergh test (1, 2). As demonstrated by 
Overbeek et al. (12), however, the kinetics of this reaction are such that 
difficulties may be encountered in attempting to estimate the actual 
concentrations of bilirubin glucuronide and of free bilirubin in serum simply 
by determining the “1 minute direct-reacting” and the ‘‘indirect-reacting”’ 
bilirubin (23). Furthermore, it would appear that the values obtained for 
“direct”? and for ‘‘indirect-reacting”’ bilirubin in serum may be influenced 
by the concentrations of such normal blood constituents as bile acids and 
urea (24-26). Additional studies are therefore necessary to determine to 
what extent the values obtained for “direct-reacting”’ bilirubin reflect 
the exact amounts of bilirubin glucuronide present in the serum and in 
other biological specimens (27). 

The occasional demonstration in normal human bile of small amounts of 
water-soluble ‘‘direct-reacting” pigments, yielding azo derivatives other 
than Type B, suggests the possibility that some bilirubin may be excreted 
in water-soluble forms of non-glucuronide nature. This question is pres- 
ently under study. 


SUMMARY 


It has recently been shown that the finding of “‘direct-reacting” and of 
“indirect-reacting”’ bilirubin in serum of jaundiced individuals reflects the 
presence of two different, but closely related, bilirubin fractions, which 
differ mainly in their solubility properties. The hydroxypyrromethene 
azo derivatives, prepared from these two pigment fractions with p-diazo- 
benzenesulfonic acid, were subjected to paper chromatographic analysis. 
While ‘“‘indirect-reacting” bilirubin resembled crystalline bilirubin in 
yielding only Type A derivatives, the water-soluble ‘direct-reacting”’ 
bilirubin gave rise mainly to Type B derivatives along with some of Type 
A. By acid and enzymatic hydrolysis, Type B derivative was found to 
be the glucuronide of Type A derivative. This indicates that the water- 
soluble bilirubin is bilirubin glucuronide. Quantitative considerations 
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suggest that the ‘direct-reacting” bilirubin fraction includes both bilirubin 
di- and monoglucuronides. In normal bile and in urine, most bilirubin is 
present in the form of the glucuronide. 


Noah WW 
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STUDIES ON OXYGENASES 


ENZYMATIC FORMATION OF KYNURENINE FROM TRYPTOPHAN* 


By OSAMU HAYAISHI, SIMON ROTHBERG,+t ALAN H. MEHLER, anp 
YOSHITAKA SAITO} 


(From the National Institute of Arthritis and Metabolic Diseases and the 
National Heart Institute, National Institutes of Health, United States 
Public Health Service, Bethesda, Maryland) 


(Received for publication, July 18, 1957) 


The enzymatic conversion of L-tryptophan (I) to L-kynurenine (III) by 
both animal and bacterial preparations has been shown to involve oxida- 
tion to formylkynurenine (II), followed by hydrolysis (2-4). The over-all 
reaction results in the incorporation of 3 atoms of oxygen (shown in bold- 
faced type) into the products, formate and kynurenine; two of these are 
inserted during the oxidation process, and the third enters formate during 
the hydrolysis of formylkynurenine. The nature of the oxidative process 


° ° 
OOH C-CHsCHCOOH 
4 “cHO 
(I) (x1) (qm) 


has not been completely elucidated. In previous studies hydrogen perox- 
ide was implicated as an oxidant by the findings that the over-all reaction 
was inhibited by catalase, and that the addition of accessory systems for 
continuous generation of peroxide relieved the inhibition (2, 4). Since a 
partially purified enzyme used molecular oxygen to convert tryptophan to 
formylkynurenine in the absence of added catalase and accessory hydrogen 
peroxide, it was suggested that the reaction took place in two steps, one of 
which was reducing molecular oxygen to peroxide, and the other utilizing 
the peroxide. No fractionation of the oxidizing system has been reported, 
and, of several postulated intermediates, a-hydroxytryptophan has been 
synthesized (5, 6) and found to be inactive in biological systems (7, 8). 

The mechanism of tryptophan oxidation has been investigated with 
O'8 to determine the origin of the oxygen atoms inserted into kynurenine 
and formate. Parallel experiments with labeled oxygen gas in one case 
and labeled water in the other were carried out, and the kynurenine and 
formate produced were isolated and assayed for O'8 content. The results 

* A preliminary report of this work has been presented (1). 


Tt Present address, Dermatology Section, National Cancer Institute. 
t Fellow of the Jane Coffin Childs Memorial Fund for Medical Research. 
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indicate that both atoms of oxygen incorporated in the oxidative step are 
derived from oxygen gas but not from water. The finding that synthetic 
a ,8-dihydroxytryptophan is not metabolized by preparations that oxidize 
tryptophan indicates that cleavage of the indole ring occurs together with 
oxidation in a single step, but it has not been determined whether one or 
two oxidative steps participate in the formation of formylkynurenine. 


Materials and Methods 


H.O"8 (approximately 1.4 atoms per cent excess) was obtained from the 
Stewart Oxygen Company, San Francisco, on allocation of the Atomic 
Energy Commission. The gas, O2'*, was prepared by electrolysis of H,O*. 
L-Tryptophan was obtained from the Nutritional Biochemicals Corpora- 
tion. u-Kynurenine was prepared enzymatically (9). Two diastereoiso- 
mers of a,§-dihydroxytryptophan (10) were kindly furnished from Dr. 
P. L. Julian through the courtesy of Dr. B. Witkop. The enzyme was 
prepared from tryptophan-adapted cells of Pseudomonas as described 
previously (4, 9). 

Tracer Experiments—The incubation mixture (60 ml.) containing 0.75 
mmole of L-tryptophan and 2 mmoles of potassium phosphate buffer at 
pH 8.0 was placed in a flask specially designed for O'8 experiments (Fig. 1) 
and was frozen by immersion in a dry ice-alcohol bath. The flask was 
evacuated, then permitted to thaw slowly. After the liquid phase was 
completely equilibrated with the gas phase, it was frozen and the flask 
was evacuated again. O'* gas and purified nitrogen gas were admitted 
separately to the reaction vessel in the approximate ratio of 1:4. A sample 
of this gas mixture was removed for mass spectrometric analysis. After 
the temperature was brought to 23°, the reaction was started by injecting 
15 ml. of enzyme preparation (degassed by evacuation) through a rubber 
vaccine cap and was allowed to proceed at 23° with gentle mechanical 
reciprocal shaking. At intervals, aliquots of the solution were removed 
with a syringe through the rubber cap and the reaction was followed 
spectrophotometrically by the appearance of kynurenine and the disap- 
pearance of tryptophan as described before (9). When the reaction was 
complete, another gas sample was removed for analysis. In general, 
little difference was found in the O'* enrichment before and after the incu- 
bation. 

H,O"8 experiments were carried out in the same way, except that all 
solutions were made up with HO" and the gas phase was air. Water was 
distilled from a frozen sample under reduced pressure and the O'* content 
determined after each experiment by equilibration with carbon dioxide as 
described by Cohn and Urey (11). In most experiments an aliquot of 50 
ml. was used for kynurenine isolation and the rest for formate isolation. 

Isolation of t-Kynurenine—Cohn and Urey (11) demonstrated that the 


the 
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oxygen atom of carbonyl groups exchanges rapidly with the oxygen of 
water in acid or alkaline solutions. In order to avoid this exchange re- 
action, the isolation of kynurenine was carried out at a neutral pH and 
at low temperature whenever possible. When the reaction was complete, 
water was removed by lyophilization; the residue was taken up in about 
10 ml. of water and a small amount of insoluble material was removed by 
centrifugation. The supernatant solution was then mixed with 40 ml. 
of 99 per cent ice-cold alcohol and the mixture was centrifuged immediately 


Fic. 1. A flask for O'8 experiments. The flask was made from a 500 ml. suction 
flask with a 4 mm. right angle vacuum stopcock as the mouth and the side arm ex- 
panded to permit a 3 inch rubber vaccine cap to fit snugly and hold a high vacuum. 


at 4°. The supernatant solution was concentrated in vacuo to about 5 ml. 
with an external temperature of approximately 22°. The solution was 
then placed in a refrigerator and crystals of L-kynurenine formed after 
several hours. Spectrophotometric analysis (4, 9) of the best preparations 
revealed that the freshly prepared crystalline L-kynurenine which was 
dried over P.O; at 22° for 24 hours usually contained 0.5 H,O in the mole- 
cule. 

In certain experiments, when the kynurenine formation did not reach 
more than 60 per cent of the theoretical value, kynurenine failed to crys- 
tallize by this procedure. Countercurrent distribution’ was then used for 


‘We wish to thank Dr. W. C. Hueper for making available to us the counter- 
current distribution apparatus. 
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the purification of kynurenine. A mixture of butanol, methanol, and 
water (8:1:8) was used as 2 solvent system. An automatic countercurrent 
distribution apparatus equipped with 200 tubes, each containing about 
20 ml. of solvent, was used. ynurenine was recovered from tubes 160 
to 214 and tryptophan was found in tubes 214 to 270 (Fig. 2). Butanol 
was removed by extraction with ether and the dry material obtained by 
lyophilization of the water layer was recrystallized from water. 

Isolation of Formic Acid—The reaction mixture was chilled to 2° and 
the pH was quickly brought to 3.0 with 2 nN H.SO,. The solution was 
frozen and formic acid and water were distilled from the frozen state. The 


OPTICAL DENSITY 


100 
TUBE NUMBER 


Fic. 2. Countercurrent distribution pattern of tryptophan and kynurenine. 
Conditions are described in the text. After 244 transfers, the optical densities of 
the lower layers were measured at 280 and 360 my for the determination of trypto- 
phan and kynurenine, respectively. Tryptophan was distributed among tubes 80 
to 145 and kynurenine was found in tubes 75 to 130. Contents of tubes from 1 to 74 
and 146 to 200 were removed and, with fresh solvent systems, distribution was con- 
tinued until 500 transfers were made. The optical densities of the lower lavers were 
then determined at 280 my (O) and 360 my (@). 


distillate was neutralized with 0.1 N KOH to pH 6.5. Water was removed 
by lyophilization, and the residue dried over P.O; was used for analysis. 

Preparation of O' Organic Compounds for Mass Spectrometry—TVhe 
products were pyrolyzed by the method of Rittenberg and Ponticorvo’ 
(12) so that the oxygen was present as COs, which was used for O' deter- 
minations. The purified dry compounds were pyrolyzed for 30 minutes 
(kynurenine 575°, and potassium formate 350°) with dried HgCl. as a 
catalyst. Details of the mass spectrometric technique are described in 
the following paper (13). 


Results 


O” Experiment—-When the oxidation of tryptophan was carried out in 
an atmosphere of O,'*, both formic acid and kynurenine were found to 


2 We wish to thank Dr. D. Rittenberg for making his procedure available to us 
prior to publication. 
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have incorporated almost 1 atom of atmospheric oxygen each (Table I). 
The O'8 enrichment of the incorporated oxygen atoms corresponded to 
approximately 60 to 80 per cent of that of the atmospheric oxygen used 
in these experiments. The less than theoretical O'8 content may have 
been caused by an exchange reaction during the isolation procedure, or by 
preferential utilization of O'* over O'8 by this enzyme preparation. 

When the remaining substrate, tryptophan, was again isolated from the 
incubation mixture (Experiment 4, Table I) or when kynurenine and 
formic acid were incubated with O,'* under the conditions of the tryptophan 
oxidation (Experiment 5), essentially no isotope incorporation was found. 
The results indicate that the O'* incorporation into kynurenine and formic 


TABLE I 
O'8 Experiment 


Experi- | cont exces Substrat d analyzed 
1 1.4004 | Tryptophan Sodium formate 0.5902 | 84.3 
2 1.3800 ” Kynurenine 0.3218 81.6 
3 1.3533 Potassium formate | 0.4031 59.6 
Kynurenine 0.2731 70.6 
4 1.3600 | Tryptophan Tryptophan 0.0012 0.1 
Kynurenine 0.2384 61.5 
5 1.3603 Sodium formate and Potassium formate | 0.0000 00 
Kynurenine Kynurenine 0.0000 00 


Per cent enrichment: atom per cent excess O'8 in the incorporated oxygen X 100 
divided by atom per cent excess in medium. 

* The degree of O'* enrichment of compounds is expressed as a percentage of that 
expected if the O'8 excess is concentrated only in the suspected oxygen atom. 


acid from the atmospheric oxygen accompanies the enzymatic cleavage of 
the indole ring and is not caused by an exchange reaction. 

H,O'8 Experiments—When the reaction was carried out in an atmosphere 
of air and with the medium containing HO", nearly 1 atom of O'§ was 
found in formic acid but much less O"8 was found in kynurenine (Table II). 
The O'8 found in formic acid was expected from the enzymatic hydrolysis 
of formylkynurenine; the O'* in kynurenine was probably introduced by 
an exchange reaction between kynurenine and water, which appeared to 
be somewhat accelerated by the enzyme preparation. When, instead of 
tryptophan, kynurenine and formic acid were incubated under the ex- 
perimental conditions, essentially no O'8 was found in formic acid but a 
small amount of O'§ enrichment was found in the kynurenine. 

a,8-Dihydroxytryptophan—The properties of tryptophan peroxidase 
previously described suggested that the oxidation might proceed via two 
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reactions. One possible intermediate, a-hydroxytryptophan, was pre- 
viously shown to be inactive in the production of formylkynurenine (7, 8), 
Two diastereoisomeric forms of a,8-dihydroxytryptophan, a compound at 
the oxidation level of formylkynurenine, were tested with tryptophan 
peroxidase preparations from both rat liver and Pseudomonas. In no case 
was the ultraviolet absorption spectrum of the mixture altered by incubation 
with the enzyme. a,8-Dihydroxytryptophan did not interfere with the 
production of kynurenine from tryptophan. Therefore it was concluded 
that the ring compound at the oxidation level of formylkynurenine was 
not an intermediate in tryptophan metabolism. 


TABLE II 
H.O'8 Experiment 

a cent exces Substrate Compound analyzed per cent ‘erick 
1 1.3090 | Tryptophan Sodium formate 0.6141 93.8 
2 1.3730 " Kynurenine 0.0856 21.8 
3 1.3380 sie Sodium formate 0.4525 68.2 
Kynurenine 0.1102 28.8 

4 1.3540 | Tryptophan Tryptophan 0.0011 0.1 
Kynurenine 0.0220 5.7 

5 1.2806 | Kynurenine and Potassium formate | 0.0118 1.8 
Potassium formate Kynurenine 0.0241 6.6 


Per cent enrichment: atom per cent excess O'8 in the incorporated oxygen X 100 
divided by atom per cent excess in medium. 

* The degree of O" enrichment of compounds is expressed as a percentage of that 
expected if the O'* excess is concentrated only in the suspected oxygen atom. 


DISCUSSION 


The utilization of molecular oxygen as a source of oxygen atoms for 
addition to tryptophan characterizes the enzyme involved as an oxygenase 
(1). Similar observations have been made with several groups of enzymes; 
(1) those that hydroxylate phenolic compounds (14), other aromatic 
compounds (15) and steroids (16), (2) those that cleave phenolic rings 
(17), and (3) those that cyclize the steroid nucleus (18). Tryptophan 
oxidation was previously attributed to a peroxidase-oxidase. It is appar- 
ent that the oxidation does not involve addition of water and dehydrogena- 
tion, but it is possible that a dehydrogenation step in which molecular 
oxygen is reduced to peroxide is a part of the over-all oxidation. In this 
case, the peroxide must supply the oxygen atoms added to the substrate 
during the oxidation. A role for peroxide in tryptophan oxidation is sup- 
ported by the influences of catalase and H,O, on the reaction. 
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OH 
H 
N 
H OH 0 
+0 a 
N NH. 
“CHO 
(I) R (a) 
H 
H 4H 
R: -CHa-CHNH2-COOH 


An alternative description of the reaction attributes all of the steps to a 
single enzyme, which adds molecular oxygen to tryptophan. If the addi- 
tion results in the formation of an indole peroxide, this may rearrange with 
the ring opening to yield formylkynurenine. a,@-Dihydroxytryptophan 
may be formed during this process, but only as an undissociable component 
of an enzyme-substrate complex. This explanation requires that catalase 
react with a component of the system other than hydrogen peroxide, and 
that HO: relieve the catalase inhibition competitively. 


N O 
H “OH 
rn +0 C-R 
N NH_ 
H CHO 


(zz) 

The oxidation of tryptophan differs from the pyrocatechase reaction 
(19) and from the oxidation of 3-hydroxyanthranilic acid,’® since these 
oxygenase reactions that open aromatic rings are not influenced by catalase. 
An analogous reaction may be the oxidation of indoleacetic and indole- 
propionic acids by plant peroxidases in the presence of Mntt (20). A 
similarity to tryptophan oxidation is found in the inhibition of these oxida- 
tions by catalase. Since the Mnt+-stimulated reactions are carried out 
by highly purified horseradish peroxidase, it is possible that one enzyme 


3 Mehler, A. H., Rothberg, S., and Hayaishi, O., unpublished observation. 
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carries out the over-all reaction and that H.O2, formed in this reaction, 
is added to the substrate. If tryptophan oxidation is carried out by a 
single enzyme, analogous to a plant peroxidase, the hypothetical inter- 
mediate, dihydroxydihydrotryptophan (II), may exist only as part of an 
enzyme substrate complex which is further oxidized to form formylkynure- 
nine. 


SUMMARY 


1. Separate tracer experiments with O,'* in one case and H,O'§ in the 
other were carried out with extracts of tryptophan-adapted Pseudomonas 
to oxidize L-tryptophan enzymatically. Approximately 1 atom of at- 
mospheric oxygen was incorporated into each of the products, L-kynurenine 
and formic acid. 

2. a,6-Dihydroxytryptophan was found not to be a dissociable inter- 
mediate in this process. 

3. The mechanism of action of tryptophan peroxidase as an oxygenase is 


discussed. 
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STUDIES ON OXYGENASES 


ENZYMATIC OXIDATION OF IMIDAZOLEACETIC ACID 


By SIMON ROTHBERG* OSAMU HAYAISHI. 


(From the National Heart Institute and the National Institute of Arthritis 
and Metabolic Diseases, National Institutes of Health, United States 
Public Health Service, Bethesda, Maryland) 


(Received for publication, July 18, 1957) 


The nature of the imidazoleacetic acid! oxidase of Pseudomonas has been 
investigated previously (1, 2). The utilization of ImAA in an incubation 
mixture paralleled the oxidation of DPNH and the uptake of molecular 
oxygen. In a recent study, N-formiminoaspartic acid has been found 
as an intermediate in the enzymatic conversion of ImAA to formylaspartic 
acid (3). FA is further metabolized to aspartic acid and formic acid by a 


HC = » CH>—COOH HOOC—CH—CH2—COOH 
NH + NH 
ren + DPNH + H* + Os ——> CH + DPN 
NH 
IMAA FIA 
HOOC— CH—CH2—COOH HOOC—CH=-CH2—COOH 
+H,0 + NH 
e CHO 
NH 
FIA FA 
HOOC—CH—CH2—COOH HOOC—CH—CH>— COOH 
NH + H50 ——> NH> + HCOOH 
CHO 
FA ASPARTIC ACID 


* Present address, Dermatology Section, National Cancer Institute. 

'The following abbreviations are used throughout this paper: ImAA, £8-(imi- 
dazolyl-4(5))acetic acid; FIA, N-formiminoaspartic acid; FA, formylaspartic 
acid; DPN, diphosphopyridine nucleotide; TPN, triphosphopyridine nucleotide; 
DPNH, reduced DPN; TPNH, reduced TPN; Tris, tris(hydroxymethyl)amino- 
methane. 
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formylase (4). These results indicate the accompanying sequence of 
reactions as a plausible metabolic pathway of ImAA in Pseudomonas, 

In this communication, parallel experiments with enriched O” as a 
constituent of a synthetic air mixture in one case, and as H,O* in the other 
instant, were used to determine the origin of the oxygen atoms incorporated 
into the products of the reaction. The results indicate that molecular 
oxygen is incorporated into the product in the oxidation that results in 
the cleavage of the imidazole ring. In the H,O'* experiments, O' is 
incorporated only as a result of the hydrolytic cleavage of the hydroxylated 
imidazoleacetic acid. 

Materials and Methods 


Imidazoleacetic acid and C*-carboxyl-labeled ImAA were obtained 
from Dr. H. Bauer and Dr. H. Tabor (5). Glucose dehydrogenase was 
purified from beef liver (6) and contained 3.8 mg. of protein (3020 units) 
per ml. DPN and DPNH were obtained from the Sigma Chemical Com- 
pany. ImAA oxidase was prepared from Pseudomonas sp. (ATCC No. 
11299B) and was purified through the first calcium phosphate gel step 
(3). The specific activity of ImAA oxidase was approximately 47.0. 

Preparation of O,'°—H,O", 1.4 atom per cent excess, was obtained from 
the Stewart Oxygen Company, San Francisco, on allocation of the Atomic 
Energy Commission. The O,'* gas used was prepared by electrolysis of 
H.O" and collected in a 500 ml. spherical flask equipped with a vacuum 
stopcock. 

Tracer Experiments—The reaction mixture (50 ml.) contained 500 
umoles of ImAA, 5 mmoles of Tris buffer, pH 9, 50 umoles of DPN, 5 
mmoles of glucose, 3 ml. of glucose dehydrogenase, and 25 umoles of 
carboxyl-labeled ImAA (95,000 ¢.p.m.). For the O'* experiments the 
special flask especially designed for O'8 experiments in this series was 
employed (7). The contents were frozen by immersion in a dry ice-alcohol 
bath. The flask was evacuated and then allowed to thaw. When com- 
pletely thawed, the flask and contents were again frozen and the flask 
again evacuated. O"'* gas and purified nitrogen gas were admitted sep- 
arately to the reaction vessel in the approximate ratio of 1:4. A sample 
of this gas mixture was removed for mass spectrometric analysis. After 
the temperature was brought to room temperature, the reaction was started 
by injecting 10 ml. of degassed enzyme preparation through a rubber 
vaccine cap and allowed to proceed at room temperature with vigorous 
mechanical reciprocal shaking for 2 hours. When the reaction was com- 
plete, the contents of the flask were frozen and another gas sample was 
removed for analysis. The isotope concentration of the gas was essentially 
unchanged during the experiment and an average value was used in cal- 
culating the results. 
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H,O" experiments were carried out in the same way, except that all 
solutions were made up with H,O" and normal atmospheric oxygen was 
employed. Water was distilled from a frozen sample under reduced pres- 
sure and the O'8 content determined after each experiment by equilibra- 
tion with carbon dioxide as described by Cohn and Urey (8). In most of 
the experiments an aliquot of 45 ml]. was used for formylaspartic acid isola- 
tion and the remainder for the H,O" sample. 

Isolation and Purification of Products—The reaction was ended by put- 
ting the solution through a Dowex 50-K+ column (1 cm.? X 10 cm.) in 
the cold. The Dowex 50 percolate was then put through a Dowex 1 
acetate column (1 cm.2 X 5 cm.) in the cold. Almost all of the radio- 
activity in the percolate was retained on the Dowex 1 column. 

FA and aspartic acid were eluted with a gradient obtained by using 1 M 
ammonium acetate and a mixing flask with 300 ml. of water. The aspartic 
acid appeared in 15 to 30 ml. of eluate, while the FA was eluted at 50 
to 100 ml. The elution pattern was followed by measuring the radio- 
activity of 0.1 ml. aliquots of the tubes collected. 

The radioactive fractions were collected and lyophilized. The flask 
was heated intermittently with an infrared lamp to remove small amounts 
of ammonium acetate. Analysis of these samples indicated the presence 
of small amounts of oxygen-containing material other than the FA. The 
material was then chromatographed on Whatman No. 3 paper? with a 
70 per cent n-propanol-H,O system. FA and aspartic acid were located by 
measuring the radioactivity of the paper in a 1 cm.? piece and were eluted 
in the cold, lyophilized, and dried over P.Os. 

Preparation of O8 Organic Compounds for Mass Spectrometer—A modi- 
fication of the technique of Rittenberg and Ponticorvo (9) was used to 
pyrolyze the purified, dry compounds at 375° for 30 minutes by use of 
dried HgCl: as a catalyst. 

Mass Spectrometry—The Consolidated-Nier mass spectrometer, model 
No. 21-201, was used. The O" content of the air was determined by 
obtaining the ratio of mass 32 to mass 34. The O* content of the carbon 
dioxide produced in both the pyrolysis and the equilibration was measured 
by obtaining the ratio of mass 46 to mass 44. Tank carbon dioxide,’ 
used as a standard, was obtained by passing the gas through a dry ice- 
alcohol trap and collecting the carbon dioxide in a bulb previously evacuated 
to a pressure of less than 10-4 mm. of Hg. Although 10 umoles of gas 


* The Whatman No. 3 paper was prepared by percolation in water for 4 days and 
then in alcohol for 4 additional days. This was found to be necessary because of 
oxygen containing impurities in the paper as supplied, which could be removed by 
this procedure. 

3 Dry carbon dioxide was obtained from the Matheson Company, Inc., Kast Ruth- 
erford, New Jersey. 
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were necessary for optimal operational conditions, an accurate ratio could 
be determined with as little as 1 umole of gas. The reproducibility of a 
ratio of the same sample was +0.25 per cent. Thus for a sample with 0.2 
atom per cent excess of O'*, the maximal error is of the order of 0.5 per 
cent. When the amount of carbon dioxide was less than 1 umole, the atom 
per cent excess found was corrected for the water degassed from the glass 
pyrolysis tube. For larger samples the degassing correction was almost 
negligible at 375°, the temperature used for the pyrolysis in this work. 

A special breakoff leading to the inlet system of the mass spectrometer 
(10) accommodated the pyrolysis tube. No liquid nitrogen non-con- 
densable gases (carbon monoxide) were found. The dry ice, alcohol, 
non-condensable gases (carbon dioxide and HCl) were passed through a 
quinoline trap. 5 minutes were allowed to effect complete removal of 
the HCl. The carbon dioxide gas was then passed through a dry ice- 
alcohol trap and admitted to the inlet system of the spectrometer. 


Results 


Tracer Experiments—The results of the experiments performed in the 
presence of H,O' and those carried out in the presence of O,'* gas are 
given in Table I. 


TABLE I 
Results of O8 and H,O* Experiments 
Atomper Compound analysed Atom Par cet | Pet cont 

1 O,'8 1.3920 Formylaspartie acid 0.1335 48.0 
2 O,'8 1.3684 Sodium formate 0.0000 00.0 
3 H,0!8 1.1820 1.0968 92.8 

Formylaspartic acid 0.1883 39.8 
4 O18 1.3286 Aspartic acid 0.4449 70.2 
5 H,0'8 0.9011 0.2345 104 


Per cent enrichment = (atom per cent excess O'* in compound) (atom per cent 
excess in medium) X 100. 

* The degree of O* enrichment of compounds is expressed as a percentage of that 
expected if the O"8 excess is concentrated only in the suspect oxygen atom (see the 
diagram in “Discussion”. 


When the reaction was carried out in the presence of the synthetically 
prepared O'8-enriched air, the products isolated, either FA or aspartic 
acid, were found to contain enriched oxygen. This enrichment corre- 
sponded to 48 to 70 per cent of the atmospheric oxygen in one of the 5 
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oxygen atoms of FA and in one of the 4 oxygen atoms of aspartic acid. 
The formate produced by hydrolysis of the FA was found to have no O# 
enrichment. This somewhat lower than 1 oxygen atom stoichiometry is 
probably due to an exchange reaction taking place during the reaction 
and isolation procedure. | 

The experiments performed in the H,O' medium and normal atmosphere 
also showed an enrichment corresponding to 104 per cent of the HO of 
the medium in one of the 4 atoms of oxygen in the aspartic acid. FA 
contained 3 new atoms of oxygen introduced. Assuming that two of them 
were derived from the H,O", the O8 enrichment in these 2 atoms corre- 
sponded to approximately 40 per cent of the medium H,0O"%. The O% 
enrichment of the formate, isolated after enzymatic hydrolysis of the FA, 
indicated that both atoms of oxygen in the formate were derived from the 


DISCUSSION 


These results are consistent with the interpretation that 1 atom of oxygen 
was incorporated from the atmospheric oxygen into the carboxyl group 
of either FA or aspartic acid and suggest that the primary step was the 
hydroxylation of the imidazole ring on the C, position of ImAA (I). The 
resulting compound, imidazoloneacetic acid (II) or (III), is either enzy- 


HO” 
HC = C—CH>COOH ‘C= C—CH5-COOH 
N NH +20. > N NH 
* 
a on 
+ ‘c- CH—CH>~COOH 
HO 
H 
NH 
WwW 
|+ 
* 
Os 
+ H50 C—CH —CH>— COOH 
NHo + HCOOH 
CHO* 
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matically or spontaneously hydrolyzed to FIA (IV) as shown in the ae. 
companying diagram. FIA is further converted to FA (V), which is hy- 
drolyzed to aspartic acid as shown. 

The utilization of molecular oxygen in this fashion characterizes this 
enzyme as an oxygenase (11). Other similar observations have been made 
with enzymes that hydroxylate phenolic compounds (12), other aromatic 
compounds (13, 14), and steroids (15). In all these hydroxylations the 
common requirement has been for DPNH or TPNH and oxygen gas. The 
possibility of reduced DPN being oxidized to generate H,O2 or some form 
of peroxide is eliminated in that the DPNH cannot be replaced by glucose 
and glucose oxidase (notatin) and that the reaction is not inhibited by 
catalase (3). It appears that 1 atom of oxygen is inserted into ImAA, 
while the other atom is reduced to water in the presence of DPNH. 


SUMMARY 


1. Parallel experiments with O,'* and HO" show that oxidation of 
B-(imidazolyl-4(5) acetic acid (ImAA) oxidase of Pseudomonas incorporates 
oxygen gas into the product. ‘The implication of these findings in regard to 
the mechanism of the ImAA oxidase is discussed. 

2. Techniques used in O2'* and H,O" experiments, including pyrolysis 
and related mass spectrometry, are described. 


We wish to thank Dr. H. Tabor for his help and interest during the 
course of this work. 
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STUDIES ON OXYGENASES 


PYROCATECHASE* 


By OSAMU HAYAISHI, MASAYUKI KATAGIRI,f anp SIMON ROTHBERGt 


(From the National Institute of Arthritis and Metabolic Diseases and the National Heart 
Institute, National Institutes of Health, United States Public Health Service, 
Bethesda, Maryland) 


(Received for publication, July 18, 1957) 


Pyrocatechase, first isolated and partially purified from anthranilate- 
adapted cells of Pseudomonas (2), was shown to catalyze the oxidative 
cleavage of the aromatic ring of catechol (1) to cis,cis-muconic acid! (II) 
with the consumption of 1 mole of oxygen per mole of substrate utilized 


(2-4). 
OH 
OH * 
(Ir) 


(I) 


Subsequently Suda et al. (5) reported that prolonged dialysis almost 
completely inactivated the enzyme but that the activity could be restored 
to the original level by the addition of ferrous ions. Sistrom and Stanier 
(6) found that sulfhydryl-containing compounds were required for maximal 
activity. On the other hand, Uchida and Matsuda (7) claimed that, with 
a dialyzed, highly purified enzyme preparation, ferrous ion was no longer 
effective but full activity could be restored by the combined addition of 
vitamin By, folic acid, adenylic acid, ascorbic acid, and glutathione. 
More recently, Tokuyama et al. confirmed and extended Suda’s observa- 
tion with a partially purified enzyme preparation from Micrococcus urea 
(8). 

In the meantime, a number of enzymes of animal and microbial origin 
have been found which act in a similar fashion upon protocatechuic acid 
(6), homogentisic acid (9), gentisic acid (10), homoprotocatechuic acid 
(11), and 3-hydroxyanthranilic acid (12), respectively. In contrast to 
phenol oxidases, these enzymes have a common property of introducing 


* A preliminary report of this work was presented (1). 

t Present address, Department of Chemistry, Nagoya University, Nagoya, Japan. 

t Present address, Section on Dermatology, National Cancer Institute. 

1 The following abbreviations are used throughout the paper: CCMA, cis, cis- 
muconic acid; OBQ, orthobenzoquinone; Tris, tris(hydroxymethyl)aminomethane; 
GSH, reduced glutathione; EDTA, ethylenediaminetetraacetic acid; PCMB, p- 
chloromercuribenzoate. 
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2 atoms of oxygen directly across the aromatic bond adjacent to the phe- 
nolic group and simultaneously rupturing the aromatic structure to form 
either a dicarboxylic acid or a semialdehyde. Therefore, “‘phenolytie 
oxygenase” has been proposed for convenience to designate this group of 
enzymes (13). 

In spite of the extended and intensive investigation of these enzymes, 
their mode of action, in particular the mechanism of electron transport, 
has remained unclarified. In a preliminary report, we have described the 
results of experiments with O,'* and H,O" which indicated that pyrocate- 
chase utilized molecular oxygen and inserted it into catechol (1). The 
present communication is a full account of the experiments with the heavy 
oxygen isotope together with a satisfactory method of purification and a 
description of various properties of the enzyme. 


Materials and Methods 


H,O'8 (approximately 1.4 atom per cent excess) was obtained from the 
Stewart Oxygen Company, San Francisco, on allocation of the Atomic 
Energy Commission, and the gas, O2'*, was prepared as described before 
(14). Apparatus and the technique of O" and H,O" experiments have 
been described (14, 15). 

Crystalline catalase from beef liver and horseradish peroxidase were 
obtained from the Worthington Biochemical Laboratories. We are in- 
debted to Dr. V. E. Price for a highly purified catalase preparation from 
rat liver. Protocatechuic acid (3 ,4-dihydroxybenzoic acid) was purchased 
from Reheis. We are indebted to Dr. W. R. Sistrom for samples of 2,3- 
and 2,4-dihydroxybenzoic acid, to Dr. B. Witkop for a sample of adreno- 
lutine, and to Dr. M. Nakajima for a sample of trans-5 ,6-dihydroxycyclo- 
hexadiene. 

Enzyme Assay—The activity of pyrocatechase may be assayed either 
manometrically by determination of oxygen uptake or spectrophotomet- 
rically by the increase in optical density at 260 my (Fig. 1). For mano- 
metric experiments, each manometer flask contained, in a total volume of 
2.0 ml., 10 wmoles of catechol, 200 umoles of potassium phosphate buffer, 
pH 7.5, 10 umoles of GSH, and a suitable amount of enzyme protein. 
Addition of GSH was essential to maintain a linear reaction rate since 
orthobenzoquinone which was produced by the autoxidation of catechol 
was highly inhibitory (16). 

The spectrophotometric method is much superior for routine assay and 
is used in most of the experiments described in this paper. Since the 
enzyme has a very high affinity towards substrate and oxygen (see below), 
only a small amount of substrate was needed to permit zero order reaction. 
Since the dissolved oxygen in the reaction system was in excess of that 
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ren required for its complete oxidation, the determination could be carried out 
inan unaerated cuvette. The test system contained, in a total volume of 
1.0 ml., 0.2 umole of catechol, 100 umoles of potassium phosphate buffer at 
a pH 7.5, and enzyme protein. Readings were taken at intervals of 1 minute 
for 5 minutes at 260 my in a model DU Beckman spectrophotometer by 
use of a cuvette with a 1 cm. light path. Under these conditions the rate 
ort, of the reaction was linear and strictly proportional to the enzyme concen- 
the tration. 


CATECHOL 


2,3- 220. 260. +300 340 
eno- WAVELENGTH (mp) 


yclo- Fic. 1. Ultraviolet absorption spectra of catechol and CCMA. Concentration, 
m. 


met- | 1 unit of enzyme was defined as that amount which will give rise to an 
ano- | £20 equal to 16 per minute at 22° under the conditions just described. 
re of | Since the difference of molar extinction coefficient of catechol and CCMA 
iffer, | ‘duals approximately 16,000 under these conditions, 1 unit of enzyme 
tein. | activity corresponds to the oxidation of 1 umole of catechol per minute. 
since | Specific activity was defined as the number of enzyme units per mg. of 
chol | Protein, as measured by the use of the phenol method (17). Crystalline 
bovine albumin (Armour) was used as a protein standard. The concen- 
-and | tration of protein determined by this procedure for an enzyme of highest 
. the | Purity was in satisfactory agreement with the values determined from the 
low), | *sorption at 280 and 260 my (18). 

tion. | Metal Analyses—For metal analyses of the samples, all chemical opera- 
that | tions, dialyses, etc., were carried out with doubly distilled water prepared 
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with a Pyrex glass still with a condenser about 3 m. long. For spectro- 
graphic analyses, the samples were dialyzed against 0.01 m Tris-HCl buffer, 
pH 9.0, containing 5 X 10-* m EDTA for 24 hours with mechanical stirring 
and then against 0.01 m Tris-HCl buffer at pH 8.5 for 24 hours. Spectro- 
graphic analyses were performed in duplicate by the National Bureau of 
Standards under the supervision of Dr. R. I’. Scribner and by Dr. I. H. 
Tipton of the University of Tennessee. The blank in each case consisted 
of an equal volume of dialysis buffer treated in a manner entirely analogous 
to the sample. Quantitative iron analysis was carried out by a micro- 
modification of the a,a’-dipyridyl procedure (19), after a wet digestion 
of the sample by a mixture of HCIO,, HNOs, and H.SO, (180:63:45)2 
lor greatest accuracy, a known amount of iron was added prior to diges- 
tion and its recovery measured in both the presence and the absence of 
the enzyme sample. 


Results 


Isolation and Purification of Enzyme—Pseudomonas fluorescens strain 
23 (ATCC 11250) (4) was grown approximately 20 hours at 25° with 
vigorous aeration in a medium containing 0.1 per cent L-tryptophan, 
0.1 per cent Difco yeast extract, 0.15 per cent K2,HPO,, 0.05 per cent 
KH.PO,, and 0.02 per cent MgSO,-7H.O. Approximately 100 gm. of 
wet cells were obtained from 45 liters of the medium, and this amount 
Was processed as one batch. Since pyrocatechase was strictly inducible, 
growth of the cells at the expense of a metabolic precursor was essential 
in order to obtain active starting material. Cells were harvested by 
centrifugation and washed once with 0.9 per cent KCl solution. If not 
immediately extracted, they were frozen and stored at approximately — 10°. 
Under these conditions little loss of activity was observed over a period 
of at least 1 week. All subsequent steps in extraction and purification 
were carried out at about +3° unless otherwise specified. 

Crude Extract—10 gm. of frozen Pseudomonas cells were suspended in 
100 ml. of Tris buffer (5 & 10-2 mM, pH 9.0) and were subjected to sonic 
oscillation in a model 10 KC Raytheon sonic oscillator for 7 minutes. 
An opalescent supernatant fluid was separated from the residue in a 
Servall (SS-1) centrifuge at 8000 * g for 10 minutes (I’raction A, specific 
activity 0.127 to 0.156). 

First Ammonium Sulfate Fractionation—To Fraction A (1000 ml.), 
137 gm. of ammonium sulfate were added and the precipitate was discarded 
by centrifugation. The yellow opalescent supernatant solution was 
treated with 184 gm. of ammonium sulfate, centrifuged, and the precipitate 
dissolved in 200 ml. of 5 & 10-2 m Tris HCl buffer, pH 9.0 (Fraction B). 


2 We are indebted to Dr. W. C. Alford for helpful suggestions on the iron deter- 
mination. 
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Aluminum Hydroxide Gel Cy Treatment—Fraction B was dialyzed 
against 30 volumes of 10-* m Tris HCl buffer at pH 9.0 for 3 hours. The 
dialyzed Fraction B (200 ml.) was brought to pH 7.0 by the cautious 
addition of N acetic acid, then 80 ml. of aluminum hydroxide Cy gel (20) 
(well aged, about 18 mg. of dry matter per ml.) were added dropwise with 
constant mechanical stirring. After 30 minutes at 0°, the gel, collected 
by centrifugation, was eluted twice with 100 ml. of 0.01 m dipotassium 
phosphate solution (Fraction C). 

Treatment with Calcium Phosphate Gel—Fraction C (200 ml.) was 
adjusted to pH 7.0 by the cautious addition of 1.0 M acetic acid and then 
treated with 40 ml. of calcium phosphate gel (21) (aged 3 months, about 
18.3 mg. of dry matter per ml.). After being allowed to stand at 0° for 


TABLE I 
Purification of Pyrocatechase 


Enzyme fraction Volume Units 280/260* 
ml. per cent | ,unils 
A. Cell-free extract 1000 | 1980 0.150 0.60 
B. Ammonium sulfate 200 1585 80.0 0.540 0.60 
C. Alumina Cy 200 722 56.5 1.330 1.04 
D. Calcium phosphate 120 578 29.2 2.700 1.60 
E. 2nd ammonium sulfate 3 415 21.0 7.700 1.65 
F. Electrophoresis 20 249 12.6 20.000 1.72 


* The ratio of optical densities at 280 and 260 my. 


30 minutes, the gel was discarded by centrifugation, and to the supernatant 
solution were added 120 ml. of the same gel. The supernatant fluid was 
removed by centrifugation and the activity was eluted with 100 ml. of 
0.01 m potassium phosphate buffer twice (Fraction D). 

Second Ammonium Sulfate Fractionation—Ammonium sulfate (46.0 gm.) 
was added to 200 ml. of Fraction D and the precipitate was discarded by 
centrifugation. Upon further addition of ammonium sulfate (12.0 gm.) 
to the supernatant solution, the precipitate was collected and dissolved 
in 3.0 ml. of 10-' m Tris HCl buffer, pH 8.5 (Fraction E). The ultra- 
centrifuge pattern of Fraction E showed only one component as contrasted 
to three boundaries upon electrophoresis at pH 8.5. The concentrated 
enzyme solution (about 1 per cent solution) showed a pink color but is 
almost completely free from nucleic acid as judged by the ratio of ab- 
sorbancy at 280 and 260 mu. 

Starch Block Electrophoresis—Starch block electrophoresis was carried 
out essentially according to the procedure of Kunkel (22). The enzyme 


*We are indebted to Dr. Padmasini K. Ayengar for her help in carrying out the 
starch block electrophoresis. 
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was dialyzed against 10—' m Tris HCI buffer at pH 8.5 for 12 hours and the 
same buffer was used for the medium. A typical result is shown in Fig. 2. 


Mechanism of Reaction 


Experiments with O2'* and H-O"%—When catechol was incubated with a 
partially purified enzyme preparation, GSH, and phosphate buffer in the 
presence of O,"* and the product CCMA isolated and analyzed for 0" 
content, 2 oxygen atoms incorporated into CCMA were found to be derived 
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Fic. 2. Starch block electrophoresis. The starch block was 48 cm. long, 8.5 cm. 
wide, and 1.5 cm. deep. Electrophoresis conditions: 120 volt, 12 ma.; 46 hours at 
3°; 0.1 m Tris HCI buffer, pH 8.5. The total activity yield was 84.5 per cent. The 
total protein recovery as measured by the absorption at 280 mu was 124 per cent. 
Blocks with oblique lines represent enzyme activity; blocks with broken oblique 
lines represent enzyme activity at origin. The solid block represents protein, 
the dotted block, protein at origin. 


almost exclusively from the atmospheric oxygen (Table II). On the other 
hand, when the reaction was carried out in the medium of H.O and in an 
atmosphere of ordinary air, O'* was not found in the product. The in- 
corporation of atmospheric oxygen was not caused by the exchange reac- 
tion, as shown in the control experiments. The above evidence indicates 
that the addition of oxygen to the substrate was concomitant with the 
enzymatic cleavage of catechol to form CCMA. 


Properties of Enzyme 
Stability—The purified enzyme preparation lost 5 to 10 per cent of its 
activity after several months at pH 9.0 at —10°. The addition of GSH 
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(10-* m) did not prevent this loss of activity. Below pH 6 and above pH 11 
at 0°, it was readily inactivated. 


TABLE II 
Results of Experiments 


Experiment I. 0.6 mmole of catechol was incubated with 0.6 ramole of GSH, 4.6 
mmoles of potassium phosphate buffer, pH 7.5, and 4.8 mg. of Fraction C in a total 
volume of 50 ml. in the atmosphere containing O'* with gentle mechanical shaking. 
After 90 minutes at 25°, the reaction was almost complete as judged by the increase 
in absorption at 260 mp. 2 ml. of 2 N HoSO, were added to the chilled reaction mix- 
ture and CCMA was quickly extracted with 50 ml. of ether twice. The combined 
ether solution was washed once with 50 ml. of 10-3 m HCl and the ether was removed 
by evaporation. CCMA was recrystallized from absolute ethanol and its purity 
was established by melting point (163 ~ 5°), ultraviolet absorption spectrum and 
elementary analysis. The recrystallized material was pyrolyzed by the method of 
Doering and Dorfman (23) (see the text, footnote 4) and the O' content was deter- 
mined as described before. Experiment I]. The experimental conditions were es- 
sentially identical with those of Experiment I, except that the pyrolysis method by 
Rittenberg and Ponticorvo (24) was used. Experiment IIIT. Experimental condi- 
tions were identical with those of Experiment II, except that CCMA was used instead 
of catechol. Experiment IV. Experimental conditions were identical with those of 
Experiment II, except that boiled enzyme was used instead of active enzyme. After 
2 hours, the reaction mixture was lyophilized and catechol was isolated by ether 
extraction of dry powder, followed by recrystallization from ether. Experiment V. 
Experimental conditions were identical with those of Experiment I, except that 
H.0's was used as a solvent and ordinary air was used as an atmosphere instead of 
containing gas mixture. 


Atom per cent 


Atom per cent 
Experiment No. Medium in Substrate | 
I 1.3430 Catechol 0.6115 92.0 
Il 1.4004 | 0.6450 92.0 
III “ 1.3800 CCMA 0 0 
IV 1.3603 Catechol 0 
1.3730 0 0 


* Atom per cent excess in catechol isolated. 


Homogeneity— Electrophoresis and ultracentrifugation studies were 
carried out in collaboration with Dr. W. R. Carroll and Mr. E. R. Mitchell 
of this Institute. The ultracentrifuge pattern of Fraction E showed 
only one sharp, symmetrical boundary under the conditions of the experi- 
ment (Fig. 3). The sedimentation constant, measured in 0.1 mM Tris HCl 


‘We wish to thank Mr. S. Ishihara of the National Bureau of Standards for use 
of the pyrolysis equipment. 
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buffer, pH 8.5, with a protein concentration of about 0.2 per cent in a 
synthetic boundary cell, was approximately 3.92 Svedberg units. When 
the upper and bottom portions were separated after the ultracentrifuge 
run, the specific activity of two fractions was essentially identical. The 
diffusion coefficient based on measurements of boundary spreading during 
the ultracentrifuge run was found to be 4.6 K 10-7 ecm.? per second. A 


Fic. 3. Ultracentrifugation pattern of the purified pyrocatechase. The protein 
concentration was approximately 0.2 per cent. The progress of ultracentrifugation 
at 260,000 X g is shown from right to left. 


Fic. 4. The electrophoresis patterns of the purified pyrocatechase. The protein 
concentration was approximately 4.0 mg. per ml. The upper curve represents the 
ascending boundary and the lower curve the descending boundary after 60 minutes 
at 8.39 volts per cm. 


partial specific volume of 0.749 being assumed, these values would corre- 
spond to a molecular weight of approximately 8.29 < 10*. 

After preliminary dialysis against 0.1 mM Veronal buffer, pH 8.5, Fraction 
EK was examined in a 4 ml. electrophoresis cell in the same buffer. Only 
one rapidly moving boundary was present (lig. 4). The mobility was 
calculated to be 10.65 10-° and 9.82 volt—', see. on the 
ascending and descending side, respectively. 
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Spectrum of Enzyme—The enzyme solution is non-fluorescent and shows 
a distinct peak at 280 my but no evidence was found for the presence of a 
heme or a flavin component (Fig. 5). 
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Fic. 5. Spectra of the purified pyrocatechase. The spectra are tracings of the 
original as recorded by a Cary spectrophotometer. The oxidized form represents the 
natural state under the conditions of the preparation. The reduced form was pro- 
duced by treating the oxidized form with sodium hydrosulfite. 
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Fic. 6. pH optimum of pyrocatechase. The reaction mixture contained 0.2 umole 
of catechol, 100 umoles of buffer, 2.5 y of Fraction C, and 1 umole of GSH where indi- 
cated, in a total volume of 1.0 ml. O, phosphate; @, Tris HCl; A, phosphate + 
GSH; A, carbonate + GSH. 


Effect of pH—Pyrocatechase was most active between pH 7.0 and 8.0 
when phosphate was used as a buffer but the optimal pH shifted to a 
slightly alkaline side when Tris HCl] buffer was employed (Fig. 6). When 
GSH was added to the incubation mixture, a broad pH optimum ranging 
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from 7.0 to 10.0 was observed; this is probably due to the protective effect 
of GSH against OBQ spontaneously produced from catechol at higher pH 
values. 

Effect of Ionic Strength—When the enzyme was dialyzed against distilled 
water, the rate of the reaction became markedly dependent upon the ionic 
strength of the incubation mixture (Fig. 7). At pH 7.5, the rate of the 
reaction with 10-* m phosphate buffer was almost 15 per cent of that ob- 
served with 10-' m phosphate buffer. Similar results were obtained with 
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Fic. 7. kffect of ionic strength. The incubation mixture contained 10 y of Frae- 
tion C which had been dialyzed against cold distilled water for 36 hours, 0.2 umole of 
catechol, and buffer at pH 7.5 as indicated in a total volume of 1.0 ml. O, potas- 
sium phosphate buffer; @, Tris HC] buffer. 


Tris HCl buffer, although the activity in Tris buffer was always somewhat 
lower than that in phosphate buffer of the same molarity. This difference 
in activity at varying ionic strength was not due to the buffer capacity or 
to the stabilizing effect upon the enzyme per se, since the amount of sub- 
strate used was extremely low and the rate of the reaction was strictly 
linear during the course of determination. 

Effect of Temperature—The rate of pyrocatechase reaction increased 
approximately 1.8-fold for every 10° increase in temperature (Fig. 8). 
From the slope of the line obtained by plotting the log of the velocity 
against the reciprocal of the absolute temperavure, the activation energy 
was calculated from the Arrhenius equation to be approximately 10,500 
calories per mole. 
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Effect of Substrate Concentratton—The high affinity of pyrocatechase for 
eatechol made it difficult to determine the AK, value accurately even with 


+ 72 
> 
> 
~< 


l 
280 20 30 
TEMPERATURE (°K) (x 105) 

Fic. 8. The effect of temperature on the reaction velocity. The assay system 
contained, in 3.0 ml., 0.5 umole of catechol, 3 umoles of GSH, 300 umoles of potassium 
phosphate buffer, pH 7.5, and 5 y of enzyme protein (Fraction D). Activity is ex- 
pressed by (A log Jo/I per minute) X 100. . 
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Fic. 9. Effect of substrate concentration on the rate of the reaction. The reac- 


tion mixture contained, in 1.0 ml., 100 umoles of phosphate buffer at pH 7.5, 1 umole 
of GSH, 0.5 y of Fraction D, and catechol as indicated. 


the sensitive spectrophotometric assay. Maximal velocity was reached 
at a catechol concentration of about 2 X 10-5 m (Fig. 9) and, from the 
Lineweaver-Burk plot (25), K, was estimated to be approximately 0.5 X 
10-*m. The affinity of enzyme towards oxygen appeared to be relatively 
high, since, when the reaction mixture was either vigorously or gently 
aerated with a stream of pure oxygen, the rate of the reaction increased 
only by 10 to 20 per cent. 
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Specificity—Specificity of pyrocatechase was determined by both 
manometric and spectrophotometric methods. Of a number of diphenolic 
substrates tested, only catechol served as an oxygen acceptor. The 
compounds tested include adrenolutine, p-aminocatechol, protocatechuic 
acid, 2,3- and 2,4-dihydroxybenzoic acids, trans-5,6-dihydroxycyclo- 
hexadiene, pyrogallol, dopa, homogentisic acid, and gentisic acid. 

Activity and Turnover Numbers—By assuming a molecular weight of 
80,000, a specific activity of 20.0 corresponds to a turnover number of 
1600 moles of catechol metabolized per mole of enzyme per minute at 22° 
at pH 7.5. 

Cofactor Requirement—The highly purified preparations showed a pink 
color at a protein concentration of about 2 per cent but displayed no 


TABLE III 
Inhibition Experiments 
Standard spectrophotometric assay. Optical density change was determined for 
5 minutes. 


Inhibitors Concentration Per cent inhibition 
M 
10-5 69 
Potassium iodoacetate.................. 10-3 
10-* 88 
Potassium 10-3 0 


absorption bands in the visible region. The 280:260 ratio was approxi- 
mately 1.7. When the enzyme was dialyzed at 4° against distilled water, 
about 50 per cent and 30 per cent of the original activity remained after 
18 hours and 36 hours, respectively. Although these observations were in 
good agreement with those reported by Suda et al. (5), the restoration of 
activity with ferrous ion was not confirmed. 

Metal Analysis—The semiquantitative, spectrochemical determinations 
obtained in two different laboratories were in essential agreement and 
indicated that the iron content of the samples appeared to increase with 
increasing specific activity. Other metals were either undetectable or 
were present at the same level in the experimental sample as in the blank 
(Al, Cu, Mg, Ni, Co, Ag, Mn, Mo, and Pb). The iron content of the 
best preparation (I*raction I) was determined as 0.138 per cent by the 
colorimetric procedure. On the assumption that 2 atoms of iron are 
present per mole of enzyme protein, the molecular weight was estimated to 
be 81,000. 
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Incubation Studies—The enzyme is strongly inhibited by various sulf- 
hydryl inhibitors (Table III). The inhibition due to copper ion is pro- 
gressive and is not reversed by GSH, although GSH can protect it from 
inhibitory effect (Fig. 10, A). Hgt*, Agt*, or PCMB is also inhibitory 
but the inhibition can be almost completely reversed by the addition of 
GSH (Fig. 10, B). ie 

Metal-binding agents, including KCN, a,a’-dipyridyl, orthophenanthro- 
line, and EDTA, did not show appreciable inhibition either by the direct 
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Fic. 10. Effect of Cu*+ and PCMB and the reversal by GSH. (A) The incuba- 
tion mixture contained in 1.0 ml., 2.5 y of Fraction D, 0.1 umole of catechol, 100 
umoles of potassium phosphate buffer at pH 7.5 and 0.001 umole of CuCl. GSH 
(0.1 umole) was added as indicated by each arrow. I, zero time; II, 0.5 minute; III, 
1 minute; IV, 2 minutes; V,3 minutes. (B) The incubation mixture contained in 1.0 
ml., 2.5 y of Fraction D, 0.1 umole of catechol, 100 umoles of potassium phosphate 
buffer, pH 7.5. PCMB (0.002 umole) was added in (II) and (III) at zero time, GSH 
(0.1 ymole) was added as indicated. 


addition or by preincubation of the inhibitor with the enzyme (107 Mm, 
2°, 16 hours). Ethyl alcohol (1 m) inhibits the reaction by about 10 per 
cent but further addition of a high concentration of catalase (approxi- 
mately 0.9 mg. of crystalline catalase per ml., corresponding to 660 units) 
did not increase the degree of inhibition. Likewise peroxidase (1200 
units) and p-aminobenzoic acid (10-' M) in the standard manometric 
assay failed to show any evidence for free H,O, formation (26, 27). 


DISCUSSION 


In recent years several enzymes in addition to pyrocatechase have been 
shown to catalyze a direct addition of molecular oxygen to their respective 
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substrates with the use of O"8 (28-30). In contrast to classical “oxidases,” 
which utilize molecular oxygen as an electron acceptor, these enzymes 
appear to activate molecular oxygen and to insert it into organic com- 
pounds (oxygen fixation reaction). Therefore, a new term “oxygenase” 
was proposed to designate this novel group of enzymes which carry out 
enzymatic oxygenation reactions (13). 

In order to investigate the mechanism of enzymatic activation of mole- 
cular oxygen by various oxygenases, purification and investigation of 
properties of these enzymes have been undertaken in our laboratory. 
Data presented in this paper indicate the enzymatic addition of 2 atoms of 
atmospheric oxygen directly to catechol. Although the true nature of 
activated oxygen is still unknown, free H.O2 does not appear to be involved. 

It is possible that a diradical oxygen molecule may be directly added 
to the double bond to form an intermediate as shown below: 


Such cyclic peroxide has been postulated as an intermediate in certain 
chemical reactions (31) but the attempts to isolate such compounds were 
unsuccessful (16). 

The implication of ferrous ion as an integral part of homogentiscase 
and pyrocatechase has been reported by Suda and his coworkers (5). 
However, Stanier and Ingraham could not find any evidence for ferrous 
ion requirement with protocatechuic acid oxidase from Pseudomonas (32). 
In the current paper, we were not able to show stimulation of pyrocatechase 
activity by the addition of ferrous ion. However, the metal analysis 
showed that approximately 2 atoms of iron were present per mole of 
enzyme protein. Since chelating agents did not cause any inhibition, the 
iron must be bound extremely tightly to the protein and presumably 
acts as a carrier for oxygen. 

GSH and other sulfhydryl compounds appear to stimulate the activity 
by (1) binding heavy metals or by (2) reducing OBQ which is produced 
from catechol spontaneously, particularly when the pH of the medium is 
higher than 8.0, or by (3) increasing the ionic strength when the buffer 
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concentration is suboptimal. However, under optimal pH and ionic 
strength and when heavy metal ions were absent, addition of GSH did 
not cause any stimulation of the pyrocatechase activity. 


The authors are indebted to Dr. L. A. Cohen, Dr. A. A. Patchett, and 
Dr. B. Witkop for their stimulating discussion. It is a pleasure to acknowl- 
edge the expert technical assistance of Mr. C. Slaughter and Mr. J. 
Marshall throughout this work. 


SUMMARY 


Evidence is presented that the oxygen atoms added to catechol to form 
cis ,cis-muconic acid were derived from atmospheric oxygen. 

Pyrocatechase has been purified about 100-fold from tryptophan-adapted 
Pseudomonas. It appears as a homogeneous protein in ultracentrifugation 
and upon electrophoresis. The molecular weight was estimated to be 
approximately 80,000, and it contained 2 iron atoms per molecule of 
enzyme protein. No other substrates other than catechol were utilized. 
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STUDIES ON OXYGENASES 


ENZYMATIC FORMATION OF 3-HYDROXY-L-KYNURENINE 
FROM Lt-KYNURENINE* 
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(From the National Institute of Arthritis and Metabolic Diseases and the 
National Heart Institute, National Institutes of Health, United States 
Public Health Service, Bethesda, Maryland) 


(Received for publication, July 26, 1957) 


The biosynthetic pathway by which 3-hydroxykynurenine is formed is 
not yet completely understood. N*-Acetylkynurenine (2) and 7-hydroxy- 
tryptophan (3) were suggested as possible precursors, but the latter com- 
pound was found to be inert in the tryptophan-oxidizing enzyme system 
from Pseudomonas (4) and rat liver (3). Recently the formation of 3- 
hydroxykynurenine from kynurenine by rat liver mitochondria was re- 
ported from three different laboratories (5, 1, 6). 

The present communication describes the partial purification and 
properties of a soluble kynurenine hydroxylase. Available evidence sug- 
gests that the enzyme catalyzes the conversion of kynurenine to 3-hy- 
droxykynurenine with the stoichiometric utilization of TPNH! and oxygen 
as follows: 


Lt-Kynurenine + TPNH + H* + — 3-hydroxy-L-kynurenine + TPN + 


Certain monovalent anions such as chloride, bromide, azide, or cyanide were 
found to be essential for the activity. Experiments with H,O"® and O” gas 
have shown that the oxygen atom incorporated into 3-hydroxykynurenine 
was derived from atmospheric oxygen rather than from the oxygen of the 
water molecule. 


Materials 
Adult male rats of the Osborne-Mendel strain were used throughout the 
experiments. L-Kynurenine sulfate was prepared enzymatically (7), and 


the free t-kynurenine was obtained by neutralization of L-kynurenine 
sulfate solution with barium hydroxide. DPNH, TPN, and TPNH were 


* Preliminary report of this work has been presented (1). 

t Fellow of the Jane Coffin Childs Memorial Fund for Medical Research. 

t Present address, Dermatology Section, National Cancer Institute. 

1The following abbreviations are used throughout the paper: DPNH, reduced 
diphosphopyridine nucleotide; TPN, triphosphopyridine nucleotide; TPNH, reduced 
TPN; Tris, tris(hydroxymethyl)aminomethane. 
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purchased from the Sigma Chemical Company. Glucose dehydrogenase 
was prepared from beef liver according to Strecker and Korkes (8). The 
enzyme preparation with a specific activity of 250 to 300 was used. 3- 
Hydroxy-pui-kynurenine, 5-hydroxy-pi-kynurenine, o-hydroxy benzoyl- 
pL-alanine, 0-nitrobenzoyl-pL-alanine, kynuramine, 0-aminobenzoylpro- 
pionic acid, benzoyl-pi-alanine, formyl-pt-kynurenine, and xanthurenic 
acid were generously supplied by Dr. S. Senoh of the National Institutes 
of Health. N*-Acetyl-Lt-kynurenine was a gift from Dr. D. M. Bonner. 
Kynurenic acid, L-tryptophan, and anthranilic acid were obtained from 
the Nutritional Biochemicals Corporation. HO" (approximately 1.4 
atom per cent excess) was purchased from the Stewart Oxygen Company. 
O8-enriched oxygen gas was prepared by electrolysis of the O'*-labeled 
water (9). 


Methods 


Preparation of Mitochondria—Rats were killed by exsanguination and 
the liver chilled in ice immediately after removal. The liver mitochondria 
were prepared according to the method of Hogeboom (10). The mito- 
chondrial fraction was washed three times with 0.25 m sucrose solution. 
The washed mitochondria were then suspended in 0.25 m sucrose solution 
to give a concentration such that 1 ml. of suspension was equivalent to 1 
gm. of liver. This preparation will be referred to as “rat liver mito- 
chondria” in this paper. Preparations of mitochondria other than the 
above will be specifically identified in each experiment. 

Assay of Enzyme Activity—As a routine assay, kynurenine hydroxylase 
activity of mitochondrial suspension or of a soluble enzyme preparation 
(see below) was determined spectrophotometrically with a Beckman DU 
spectrophotometer. 

The incubation mixture contained 100 uwmoles of potassium phosphate 
buffer at pH 8.0, 10 uwmoles of potassium chloride, 0.2 umole of TPNH, 
0.1 umole of t-kynurenine, and an enzyme preparation in a final volume of 
1.0 ml. The reaction was followed by measuring the decrease in optical 
density at 340 my at 23° for a period of 15 minutes. The values obtained 
were corrected for endogenous TPNH oxidation, which was determined 
simultaneously with an incubation mixture without L-kynurenine. The 
molecular extinction coefficients of 3-hydroxykynurenine and kynurenine 
at 340 my have been determined to be 2200 and 3290, respectively. A 
theoretical decrease in optical density at 340 my of 0.730 is to be expected 
instead of a —A 340 of 0.622 (based on the extinction coefficient of TPNH), 
when 0.1 umole of kynurenine is converted to 0.1 umole of 3-hydroxyky- 
nurenine with the simultaneous oxidation of 0.1 umole of TPNH. Oxygen 
consumption was measured by the conventional Warburg manometric 
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method. Qualitative determination of reaction products was carried out 
by ascending paper chromatography on Whatman No. 3 filter paper by use 
of a mixture of methanol, butanol, benzene, water (2:1:1:1 volume) 
containing 1 per cent 15 N ammonium hydroxide solution (5) as the solvent. 
The various reaction products were detected by fluorescence under the 
Mineralight lamp. Protein was determined from the absorption at 280 
and 260 my (11) with a crystalline bovine albumin (Armour) as a protein 
standard. The melting point of 3-hydroxykynurenine was determined 
with Monoscop IV, H. Bock, Frankfurt on Main, Germany. 

Large Scale Experiments—For the isolation of a sufficient amount of 
pure 3-hydroxy-L-kynurenine for the identification and O" experiments, a 
large scale incubation was carried out as follows: 50 ml. of reaction mixture 
containing 5 ml. of beef liver glucose dehydrogenase solution (15,000 
units per ml.), 5 ml. of 1 M potassium phosphate buffer at pH 8.0, 100 
umoles of TPN, 5 mmoles of glucose, 250 umoles of t-kynurenine, 100 
umoles of potassium cyanide, 250 umoles of sodium azide, and 25 ml. of 
mitochondrial suspension which corresponded to 50 gm. of liver (wet weight) 
were incubated at 23° with vigorous shaking. The progress of the reaction 
was followed spectrophotometrically. Aliquots were removed, centri- 
fuged, and diluted 10-fold with water, and their optical density was deter- 
mined at 400 mu. 

At this wave length, TPNH did not show appreciable absorptions; 
molecular extinction coefficients of 1150 and 2450 were obtained for 
kynurenine and 3-hydroxykynurenine, respectively. An increase in 
optical density of 0.130 at 400 my was observed, when 0.1 umole of ky- 
nurenine was converted to 0.1 wmole of 3-hydroxykynurenine. After 3 
hours, 12.5 ml. of fresh mitochondrial suspension were added to the incu- 
bation mixture and the reaction was continued for another hour. The 
reaction was stopped by the addition of 3 m trichloroacetic acid to the 
incubation mixture until the pH was brought to 3.5. The precipitate was 
separated by centrifugation and washed twice with 30 ml. of dilute tri- 
chloroacetic acid (pH 3.5). The supernatant solution and washings were 
combined and kept at — 10°. 

Isolation of 3-Hydroxy-L-kynurenine—The isolation of 3-hydroxy-t- 
kynurenine was carried out by use of ion exchange column chromatography. 
The combined supernatant solution and the washings were passed through 
a Dowex 50 (H+ form, 8 per cent cross-linkage, 200 to 400 mesh) column, 
2.3 em. diameter and 15 ecm. high. u-Kynurenine and 3-hydroxy-t- 
kynurenine were adsorbed on the top of the column. The column was 
washed with 1 liter of water, followed by 1 liter of 0.1 N HCl, 1 liter of 1 N 
HCl and 500 ml. of distilled water. 3-Hydroxy-L-kynurenine and L- 
kynurenine were then eluted with 500 ml. of 0.2 m ammonium formate 
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solution. The yellow-colored eluate was lyophilized and the remaining 
ammonium formate was sublimed by slight warming. 

The residue was dissolved in about 5 ml. of distilled water and passed 
through an Amberlite XE64 (H+ form) column, 0.9 cm. diameter and 15 
em. high. The column was washed with water until three separate yellow 
fractions were obtained. The second yellow fraction was adjusted to pH 
3.5 with 5 N acetic acid, condensed 7m vacuo to approximately 2 ml., and 
stored in a refrigerator overnight. Usually 10 to 15 mg. of golden yellow 
needles of 3-hydroxy-L-kynurenine were obtained. 

The crude 3-hydroxy-L-kynurenine was recrystallized twice from a small 
amount of water. When 3-hydroxy-.t-kynurenine was still contaminated 
with L-kynurenine, the sucrose method of Brown? was used for the separa- 
tion of these two substances. 

Experiments with and O%—Tracer experiments with H,O or 
gas were carried out with a flask specially designed for this purpose (9). 
Details of O'8 analysis were previously reported (12) .* 


Results 


Comparison of TPNH-Generating Systems for t-Kynurenine Hydroxyl- 
ation—A paper chromatographic analysis of the reaction mixtures con- 
taining either of the two following TPNH-generating systems is shown in 
Fig. 1. With the citrate and isocitrate dehydrogenase system which was 
originally used by De Castro, Price, and Brown (5), the formation of 
3-hydroxykynurenine was observed, but considerable quantities of xan- 
thurenic and kynurenic acids were also produced. 

On the contrary, in the presence of glucose and the glucose dehydrogenase 
system, neither xanthurenic acid nor kynurenic acid was formed and 
kynurenine was converted to 3-hydroxykynurenine in almost stoichiometric 
quantities. When TPN was omitted from the reaction mixtures, the 
formation of 3-hydroxykynurenine was not observed in either system. 

Partial Purification of Kynurenine Hydroxylase—Kynurenine hydroxylase 
could be extracted from the mitochondria after disruption in the 10 KC 
Raytheon sonic oscillator or by treatment with an equal volume of 2 
per cent sodium cholate or digitonine solution. The effect of treatment 
time is shown in Fig. 2. Before disintegration all the activity was pre- 
cipitated by centrifugation in a Spinco preparative ultracentrifuge at 
100,000 X g for 1 hour. After 5 minutes treatment, approximately 70 
per cent of the original activity remained in the supernatant solution. 


2 We are indebted to Dr. R. R. Brown for making available to us his unpublished 


method. 
3 We are indebted to Mr. W. EK. Comstock of this institute for his help in mass 


spectrometric analysis. 
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Fic. 1. Paper chromatographic analysis of the reaction mixtures. With the 
citrate system, the incubation mixture contained 0.5 ml. of washed liver mitochon- 
drial suspension, 75 umoles of potassium phosphate buffer at pH 7.4, 5.0 umoles of 
potassium citrate, 0.67 umole of TPN, 33.0 umoles of nicotinamide, and 2.5 wmoles 
of t-kynurenine in a final volume of 3 ml. With the glucose dehydrogenase system, 
instead of potassium citrate, 150 wmoles of glucose and 0.1 ml. of glucose dehydro- 
genase solution were added. The mixtures were incubated aerobically at 23° for 
3 hours, centrifuged, and 0.03 ml. of the supernatant solution was applied on a paper. 


HOMOGENATE 


SUPERNATANT 
SOLUTION 


A LOG I,/I/I5 MINUTES (340 mu) 


5 10 
TIME IN MINUTES 

Fic. 2. Effect of time of sonic disruption on a mitochondrial suspension. 50 ml. 
of mitochondrial suspension were treated in the 10 KC Raytheon sonic oscillator. 
5 ml. aliquots were removed at each time and centrifuged in Spinco preparative ultra- 
centrifuge at 100,000 X g for 1 hour. The enzyme activities of the whole treated 
homogenate and the residue were determined in the presence of 1 per cent sodium 
cholate, and that of the supernatant fraction was determined without cholate spectro- 
photometrically by using the standard assay method. 
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Prolonged treatment gradually inactivated the enzyme. The supernatant 
solution obtained by 5 minutes treatment was fractionated with saturated 
ammonium sulfate solution containing 1 per cent ammonium hydroxide, 
The enzyme fraction, which was precipitated between 35 and 55 per cent 
of saturation, was purified about 2- to 4-fold with respect to protein. This 
preparation will be referred to as a soluble kynurenine hydroxylase in this 
paper. 0.1 ml. of this preparation catalyzes the hydroxylation of ap- 
proximately 0.1 wmole of L-kynurenine in a period of 30 minutes under 
the standard assay conditions. 


TABLE I 
Effect of Various Anions on Kynurenine Hydroxylase 
The enzyme activity was measured by the standard assay system containing 0.1 
ml. of a soluble hydroxylase preparation, modified only by the addition of 10 umoles 
of various anions as indicated. The numbers represent the decrease in optical 
density at 340 my during a 15 minute period. 


Additions With kynurenine A 
None 0.078 0.113 0.035 
KCN 0.044 0.147 0.103 
KCNS 0.059 0.335 0.276 
NaN; 0.096 0.464 0.368 
KCl 0.146 0.451 0.305 
NaCl 0.106 0.423 0.317 
KBr 0.131 0.425 0.294 
0.085 0.164 0.079 
0.062 0.378 0.316 
NaN; + KCN.............. 0.025 0.399 0.374 


Effect of Anions on Enzyme Activity—The activity of kynurenine hy- 
droxylase was enhanced about 3- to 10-fold by the addition of certain 
monovalent anions. The stimulating effects of various monovalent ions 
are summarized in Table I. 

The endogenous oxidation of TPNH was inhibited by 0.01 m cyanide, 
and slight acceleration of hydroxylation of kynurenine was observed. 
Addition of thiocyanate, azide, chloride, and bromide ions to the reaction 
mixture did not inhibit the endogenous oxidation of TPNH, but strongly 
stimulated the hydroxylation of kynurenine. Fluoride and iodide were 
less effective and sulfate and phosphate were completely inactive. 


4 Since cyanide forms a complex with TPN which absorbs at 340 mug, the observed 
effect of cyanide is less than the true effect. 
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The effects of varying concentrations of chloride and azide on the hy- 
droxylase activity are shown in Fig. 3. The maximal activation was 
obtained at 10-? m for potassium chloride and at 5 X 10-* o for azide. 


.200 


100 


A LOG MINUTES (340 mp) 


CONCENTRATION IN MOLES 


Fic. 3. Effect of varying concentrations of chloride and azide on the hydroxylase 
activity. The activity was measured spectrophotometrically by the standard assay 
method by use of 0.1 ml. of treated supernatant solution as the enzyme. 


TaBLeE II 


Effect of Potassium Chloride on Kynurenine Hydrozxylase 

The complete system contained the following components (in micromoles) : potas- 
sium phosphate buffer, pH 8.0, 150; TPN 1; nicotinamide 30; Lt-kynurenine 5; glu- 
cose 200; potassium chloride 15; 0.1 ml. of glucose dehydrogenase (1500 units), and 
0.5 ml. of kynurenine hydroxylase (1.5 mg. of protein). Final volume, 1.5 ml. In- 
cubation, 2 hours at 37°. 3-Hydroxykynurenine formed was determined spectro- 
photometrically at 400 mu. The values reported have been corrected for the small 
amount of oxygen consumption which took place in the absence of kynurenine. All 
the values are given in micromoles. 


-Hydroxy- 
Oxygen consumed 
Without potassium chloride.................. 1.06 1.0 


The similar stimulating effect of chloride ion was confirmed by the 
determination of oxygen consumed and the amount of 3-hydroxykynurenine 
formed in the incubation mixture (Table II). 
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Effect of pH—Kynurenine hydroxylase has a sharp optimum at pH 8.0 
in both potassium phosphate buffer and Tris buffer (Fig. 4). Slightly 
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Fic. 4. pH-activity curve. The activity was measured spectrophotometrically 
by the standard assay method by using different pH buffers (0.1 M) at various pH 
values. @, potassium phosphate buffer; O, Tris buffer; A, glycine buffer. 
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TPNH CONCENTRATION IN MOLES 
Fic. 5. Effect of TPNH concentration on the reaction velocity. The reaction 
velocity was measured spectrophotometrically by the standard assay method with 
the addition of varying concentrations of TPNH. 


higher activity was obtained in Tris buffer than in potassium phosphate 
buffer at pH 8.0 and above, but lower activity was observed in Tris buffer 
below pH 7.5. 
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Effect of Varying Concentrations of TPNH and Kynurenine—The effects 


of TPNH and kynurenine concentrations on the rate of the reaction are 


shown in Fig. 5 and Fig. 6, respectively. Michaelis-Menten constants, 
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KYNURENINE CONCENTRATION IN MOLES 

Fic. 6. Effect of kynurenine concentration on the reaction velocity. The re- 


action velocity was measured spectrophotometrically by the standard assay method 
by using different concentrations of L-kynurenine. 


A LOG I9/I/I5 MINUTES (340 mp) 


TABLE III 
Specificity of Kynurenine Hydrozylase 
The enzyme activity was measured spectrophotometrically by the standard assay 
system in the presence of 0.1 umole of various substrates. When the substrates 
were available as the pL form, 0.2 umole of the compounds was used. All the values 
represent the decrease in optical density at 340 my for 15 minutes. 


Substrate Activity 
0.057 
0.051 


calculated according to Lineweaver-Burk equation (13), were 2.5 X 107° 
mM and 2.3 X 10-5 m for TPNH and kynurenine, respectively. 

Specificity of Enzyme—The activity of this enzyme on various sub- 
strates is shown in Table III. This enzyme hydroxylates t-kynurenine 
but not the p isomer. o-Hydroxybenzoyl-pt-alanine and o-nitrobenzoyl- 
DL-alanine were oxidized at about one-fourth the rate of L-kynurenine 
in the presence of this enzyme. 5-Hydroxy-pi-kynurenine, N°*-acetyl- 
L-kynurenine, kynuramine, o-aminobenzoylpropionic acid, benzoyl-pL- 
alanine, kynurenic acid, L-tryptophan, formyl-pL-kynurenine, and an- 
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thranilic acid were not oxidized by this enzyme. While TPNH served as 
an electron donor for this system, DPNH was completely inactive. 
Stoichiometry of Reaction—The stoichiometry of this reaction was 
determined spectrophotometrically and by measuring oxygen consumption. 
The spectrophotometric data are shown in Fig. 7. 0.5 umole of L-ky- 
nurenine was completely converted to 3-hydroxy-L-kynurenine in about 
45 minutes. Further addition of 0.025 umole of L-kynurenine indicated 


| | 1 | T 
| KYNURENINE (5 X 10°9M) 


1.600 
1.400 
wT 
ab 
1200 K YNURENINE 
2 (25 X107>M) 
© | 
oO 


L000 + 
- GLUCOSE + 
GLUCOSE DEHYDROGENASE 
0.800 i i i i 
20 40 60 80 


TIME IN MINUTES 


Fic. 7. Spectrophotometric assay of the stoichiometry of this reaction. At 
the first arrow, 0.05 umole of kynurenine was added to one of the reaction mixtures 
containing 100 umoles of phosphate buffer at pH 8.0, 10 wmoles of KCl, 0.2 umole of 
TPNH, and 0.1 ml. of sonic disintegrated supernatant solution in a total volume of 
1.0 ml., and incubation was carried out at 23°. At the second arrow, 0.025 umole 
of kynurenine was added. After 70 minutes incubation, 100 wmoles of glucose and 
0.05 ml. of glucose dehydrogenase were added to both reaction mixtures. 


that the enzyme was still active at this point but appeared to be somewhat 
weaker. When sufficient amounts of glucose and glucose dehydrogenase 
were added to the incubation mixture after about 70 minutes, TPN was 
immediately reduced and optical density increased until it reached almost 
the original level. The result of Experiment I in Table IV was calculated 
from the experimental data shown in Fig. 7. The result of Experiment II 
was obtained from a manometric experiment with a reaction system con- 
taining a TPNH-generating system and limiting amounts of L-kynurenine. 
Experiment III was carried out in microvessels in the presence of a limiting 
amount of TPNH. These results indicate that for each micromole of 
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kynurenine converted to 3-hydroxykynurenine 1 umole of oxygen was 
consumed and 1 uwmole of TPNH was oxidized. 

Identity of 3-Hydroxykynurenine—The ultraviolet spectrum of the twice 
recrystallized 3-hydroxy-Lt-kynurenine showed peaks at 267 mu (e« = 4050) 
and 368 my (e€ = 7630) at pH 7.4 in 0.1 m phosphate buffer. The ultravi- 
olet spectrum was essentially identical with that of 3-hydroxy-pL-kynure- 
nine. 3-Hydroxy-L-kynurenine started to melt at 175° and completely 


TABLE IV 
Stoichiometry of Kynurenine Hydrozylation 

The values in Experiment I were calculated from the result of spectrophotometric 
experiments shown in Fig. 7. Experiment II was the result of manometric experi- 
ments. The system contained the following components (in micromoles) : potassium 
phosphate buffer, pH 8.0, 150; TPN 1.0; nicotinamide 30; L-kynurenine 5; glucose 
200; potassium cyanide 15; potassium chloride 15; 0.1 ml. of glucose dehydrogenase 
(1500 units); and 0.5 ml. of kynurenine hydroxylase (1.5 mg. of protein). Final 
volume, 1.5 ml. Incubation, 3 hours at 37°. In Experiment III, the system con- 
tained the following components (in micromoles): potassium phosphate buffer, 
pH 8.0, 50; TPNH 2.45; potassium cyanide 7.5; potassium chloride 5; t-kynurenine 
1.3; and 0.25 ml. of kynurenine hydroxylase (0.75 mg. of protein). Final volume, 0.5 
ml. Incubated in a small Warburg vessel (about 5.5 ml. capacity). After 3 hours 
at 37°, the incubation mixture was diluted ten times with water and TPNH con- 
sumed was determined spectrophotometrically at 340 my and also at 305 my, the 
isosbestic point of kynurenine, and 3-hydroxykynurenine. 3-Hydroxykynurenine 
formed was determined spectrophotometrically at 400 mz. In Experiments II and 
III, control vessels without kynurenine were incubated and the values reported 
have been corrected for a small amount of TPNH oxidation which took place in the 
absence of kynurenine. 


Experiment No. 4 4 TPNH 4 kynurenine 
I — 0.057 —0.05 
II —5.10 —5.00 
III —0.76 —0.66 +0.67 


melted at 180° with decomposition as reported previously (14). 3-Hydroxy- 
pL-kynurenine, on the other hand, melted at 222—225° as reported by Ko- 
take et al. (15). The freshly prepared crystals contained approximately 2 
moles of water of crystallization, which could be removed by heating at 
100° in vacuo over P.O, for 5 hours. 


CioHi20.N2.5 Calculated, C 53.59, H 5.39, N 12.49; found, C 53.43, H 5.58, N 12.60 


H,O* and O*8 Experiments—When the reaction was carried out in a 
medium of H,O" with air as the gas phase, a negligible amount of O'% 


5 The microanalyses were carried out under the supervision of Dr. W. C. Alford. 
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was found in the product 3-hydroxykynurenine (Table V). On the other 
hand, when the reaction was carried out in normal water and with O#8. 
enriched air as the atmosphere, approximately 70 per cent of the theoretical 
amount of O' was found in the product. 


TABLE V 
O'8 Enrichment of 8-H ydroxykynurenine 


The experimental conditions are described in the text. The crystal of 3-hydroxy- 
kynurenine used for analyses contained 2 moles of water of crystallization (see the 
text). 


Experiment No. | Medium 
1 | H.O18 0.9489 0.0103 2.8 
| O18 1.3713 0.1629 71.3 
DISCUSSION 


The evidence presented in this paper characterizes the kynurenine 
hydroxylase as an oxygenase (16). Similar observations were recently 
made with enzymes which hydroxylate steroids (17, 18), acetanilide,® and 
imidazoleacetic acid (12). In all cases reduced pyridine nucleotide and 
oxygen were required. It may be a reasonable conjecture that in other 
aromatic hydroxylation reactions that require reduced pyridine nucleo- 
tides and oxygen, for example, phenylalanine hydroxylase (19-21) and 
the oxidative dealkylation and deamination of certain drugs described 
by Brodie and his coworkers (22), atmospheric oxygen is also incorporated. 

Stoichiometric studies indicate that 1 mole of TPNH is oxidized and 
1 mole of oxygen is consumed per mole of kynurenine converted to 3- 
hydroxykynurenine. No evidence was obtained for the formation of 
hydrogen peroxide; catalase did not inhibit the reaction in the presence or 
absence of 2 per cent ethanol. It appears that in all these reactions 1 
atom of oxygen is incorporated into the product of the reaction while the 
other is reduced to water in the presence of reduced triphosphopyridine 
nucleotide (23). 

Of particular interest was the stimulating effect of various anions on 
the soluble preparation of kynurenine hydroxylase. Although the effect of 
cations on various enzymes has been investigated in detail, relatively little 
has been known about the effect of monovalent anions on enzyme activities. 
Meyer et al. (24) reported that chloride ion stimulated the activity of 
a-amylase. A similar observation was made by Massey and Alberty (25) 
with a purified fumarase preparation. The effect of anions on the ky- 


6 Posner, H., Rothberg, 8., Hayaishi, O., and Udenfriend, 8., unpublished ob- 
servation. 
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nurenine hydroxylase, however, does not seem to be a general phenomenon 
forenzymatic hydroxylation but rather specific for the kynurenine hydroxyl- 
ase system, since neither 11-8 steroid hydroxylase’ nor phenylalanine 
hydroxylase* showed requirement for any of these anions. 


SUMMARY 


1. t-Kynurenine hydroxylase was obtained from rat liver mitochondria 
in a form which was not sedimentable at 100,000 < g for 1 hour by sonic 
treatment. The enzyme was specific for L-kynurenine and consumed 1 
mole each of oxygen and TPNH per mole of t-kynurenine converted to 
3-hydroxy-L-kynurenine. The enzyme activity was enhanced approxi- 
mately 3- to 10-fold by the addition of 0.01 m chloride, bromide, azide, 
or thiocyanate. 

2. The results obtained from experiments with H,O" and O gas showed 
that the oxygen atom incorporated into 3-hydroxykynurenine was derived 
from atmospheric oxygen and not from oxygen of the water molecule, 
thereby indicating that L-kynurenine hydroxylase is one of the oxygenase 
types of enzyme. 


BIBLIOGRAPHY 


1. Saito, Y., Hayaishi, O., Rothberg, S., and Senoh, S., Federation Proc., 16, 240 
(1957). 

2. Dalgliesh, Ik. C., Quart. Rev., London, 6, 227 (1951). 

3. Mehler, A. H., in McElroy, W. D., and Glass, B., Amino acid metabolism, 
Baltimore, 890 (1955). 

4. Hayaishi, O., in McElroy, W. D., and Glass, B., Amino acid metabolism, Balti- 
more, 914 (1955). 

5. de Castro, F. T., Price, J. M., and Brown, R. R., J. Am. Chem. Soc., 78, 2904 
(1956). 

6. Kotake, Y., Toratani, A., Miyamoto, K., and Shibata, Y., Seikagaku, 28, 105 
(1957). 

7. Hayaishi, O., Biochem. Preparations, 3, 108 (1953). 

8. Strecker, H. J., and Korkes, S., J. Biol. Chem., 196, 769 (1952). 

9. Hayaishi, O., Rothberg, S., Mehler, A. H., and Saito, Y., J. Biol. Chem., 229, 
889 (1957). 

10. Hogeboom, G. H., in Colowick, 8S. P., and Kaplan, N. O., Methods in enzymology, 
New York, 1, 16 (1955). 

ll. Warburg, O., and Christian, W., Biochem. Z., 310, 384 (1941-42). 

12. Rothberg, S., and Hayaishi, O., J. Biol. Chem., 229, 897 (1957). 

13. Lineweaver, H., and Burk, D., J. Am. Chem. Soc., 56, 658 (1934). 

14. Hirata, Y., Nakanishi, K., and Kikkawa, H., Science, 112, 307 (1950). 

15. Kotake, M., Sakan, T., and Senoh, 8., J. Am. Chem. Soc., 73, 1832 (1951). 

16. Havaishi, O., Rothberg, S., and Mehler, A. H., Abstracts, American Chemical 
Society, 130th meeting, Atlantie City, 58C (1956). 


— 


7 Personal communication from Dr. G. M. Tomkins. 
*’ Personal communication from Dr. B. Levenberg. 


er 
cal 

ly 

id 
id 

er 

id 

d 

of 
or 

l 

e 

n 

f 

of 

) 


934 FORMATION OF 3-HYDROXY-L-KYNURENINE 


17. 


18. 


Hayano, M., Lindberg, M. C., Dorfman, R. I., Hancock, J. E. H., and Doering, 
W.V.E., Arch. Biochem. and Biophys., 59, 529 (1955). 

Hayano, M., Saito, A., Stone, D., and Dorfman, R. I., Biochim. et biophys. acta, 
21, 381 (1956). 


. Udenfriend, 8., and Cooper, J. R., J. Biol. Chem., 194, 503 (1952). 

. Mitoma, C., Arch. Biochem. and Biophys., 60, 476 (1956). 

. Kaufman, S., J. Biol. Chem., 226, 511 (1957). 

. Brodie, B. B., Axelrod, J., Cooper, J. R., Gaudette, L., La Du, B. N., Mitoma, 


C., and Udenfriend, 8., Science, 121, 603 (1955). 


. Hayaishi, O., Proceedings of the International Symposium on Enzyme Chem- 


istry, Tokyo, in press. 


. Meyer, K. H., Fischer, E. H., Staub, A., and Bernfeld, P., Helv. chim. acta, 31, 


2158 (1948). 


. Massey, V., and Alberty, R. A., Biochim. et biophys. acta, 18, 354 (1954). 


19 
20 
21 
22 
t 
C 
t 
N 


THE REDUCTION OF THE C-20 CARBONYL GROUP 
OF TETRAHYDROCORTISONE BY 
KIDNEY HOMOGENATES* 


By CONSTANCE pg COURCY 


(From the Department of Medicine, School of Medicine, 
Western Reserve University, Cleveland, Ohio) 


(Received for publication, June 19, 1957) 


In 1955, Fukushima and his associates (1) isolated cortol, cortolone, 
and their C-20 epimers from the urine of a patient given cortisol. These 
four metabolites proved the existence of a hitherto unestablished mechanism 
for the inactivation of this hormone, namely reduction at C-20. It be- 
came of interest to investigate the organs in which this reaction took place 
and a number of papers (see de Courcy and Schneider (2) for review) have 
been written concerning the isolation of products reduced at C-20 after 
the incubation of liver preparations with steroid hormones which possess 
the dihydroxyacetone side chain. The work of the various investigators 
established the liver as an important site for this reduction, but there 
remained considerable doubt whether any other organ of the body con- 
tributed to the production of these metabolites. In 1952, Schneider 
and Horstmann (3) showed that rat kidney slices and homogenates altered 
the side chain of cortisone and that these preparations possessed about 
one-third of the activities of the equivalent liver preparations. Much 
lower activity was observed by Ganis, Axelrod, and Miller (4), who ob- 
tained only 25 mg. of a C-20 reduction product from the incubation of 
500 mg. of cortisol with 1.6 kilos of bovine kidney. On the other hand, 
Glenn and Recknagel (5) reported that the ability of rat kidney to alter 
the side chain of cortisone was negligible, and Sugahara (6), who incubated 


_ cortisol and cortisone with slices from guinea pig kidney, was able to 


demonstrate only the interconversion of these two steroids. Lombardo, 
Hudson, and Yandel (7) perfused cortisol, cortisone, and Reichstein’s 
substance S through dog kidney, but were unable to detect the formation 
of any metabolites. 

The analytical tool in earlier studies has been the colorimetric determina- 
tion of unchanged substrate (2, 3, 5). Because tetrahydrocortisone (3a, 
17a ,21-trihydroxypregnane-11 ,20-dione) added to kidney homogenates 
could not be assayed satisfactorily by these techniques, the progress of 
the enzymatic reaction was measured by the determination of the expected 


* This investigation was supported by Grants A-331, C-1679, and A-1451 of the 
National Institutes of Health, United States Public Health Service. 


935 


ng, 
ta, 
m- 
31, 


936 REDUCTION OF C-20 CARBONYL GROUP 


metabolite. The assay is based upon oxidation of the side chain with 
periodate and measurement of the resultant 17-ketosteroid by the Zim- 
mermann reaction. 

By this procedure, it has been shown that rat kidney homogenate will 
convert 3a,17a,21-trihydroxypregnane-11,20-dione to a 17,20-glycol in 
good yield in the presence of a TPNH'-generating system. The metab- 
olite was isolated and identified as 3a , 17a ,206 ,21-tetrahydroxypregnan-11- 
one (8-cortolone). 


Materials and Methods 


Tetrahydrocortisone (Upjohn) was purified by two recrystallizations 
from methanol. It then melted at 195-197°. No impurities could be 
detected when 200 y were chromatographed on paper. 

Preparation of 8-Cortolone—The 21-acetate of tetrahydrocortisone 
(Merck) was reduced with sodium borohydride by the method of Norym- 
berski and Woods (8), and the crystalline reduction product was hy- 
drolyzed with potassium bicarbonate in an atmosphere of nitrogen. The 
free compound, after recrystallization to constant melting point (255- 
261° corrected), gave a single spot when chromatographed on _ paper. 

Preparation of 3a-Hydroxyetiocholane-11 ,17-dione (11-Oxoetiocholano- 
lone)—Tetrahydrocortisone was oxidized with sodium bismuthate by 
the method of Brooks and Norymberski (9). The reaction mixture was 
freed from insoluble material, diluted with water, and extracted with ether. 
The organic phase was separated by extraction with sodium hydroxide 
into neutral and acidic components. The former, which contained the 
desired 17-ketosteroid, accounted for 70 per cent of the starting material 
and the latter for 30 per cent. On treating the acidic fraction with sodium 
bismuthate, an additional quantity of the 17-ketone was obtained in- 
creasing the over-all yield to 78 per cent. Three recrystallizations of 
the combined neutral fractions from methanol gave crystals melting at 
187—189° (corrected). 

Preparation of Rat Kidney Homogenates—The technique previously 
described (2) for liver preparations was used except that the homogenizing 
medium was 0.1 M potassium chloride containing 1 per cent nicotinamide. 
Nitrogen was bubbled through the chilled solution to displace air. Cell 
debris, nuclei, and unbroken glomeruli were removed by centrifuging at 
600 X g for 10 minutes in tubes surrounded by crushed ice. The super- 
natant solution was used in the following experiments and will be referred 
to as the homogenate. 

Conditions of Incubation—The TPNH-generating system consisted of 
0.3 ml. of isocitric dehydrogenase solution (1:200 dilution) prepared from 


1 TPNH and DPNH are used as abbreviations for the reduced forms of triphos- 
phopyridine nucleotide and diphosphopyridine nucleotide, respectively. 
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an acetone powder of pig heart and assayed by the methods of Ochoa (10), 
0.3 ml. of 0.01 m TPN neutralized with dilute sodium bicarbonate, 0.5 
ml. of 0.04 m sodium isocitrate, and 0.5 ml. of 6 X 10-* mM manganese 
chloride. The steroid (usually 100 to 200 7) was added to glass-stoppered 
incubation tubes in 0.1 ml. of ethanol, followed by the TPNH-generating 
system and 2 ml. of 0.25 Mm citric acid-phosphate buffer (pH 6.46.7). 
1 or 2 ml. of homogenate were added and the incubation was carried out 
under nitrogen for 1 to 3 hours with gentle shaking. Two controls were 
incubated in the absence of steroid. Steroid was added to one of these at 
the end of the incubation period. 

Methods of Assay—In preliminary experiments, alteration of the side 
chain was followed by the method of Glenn and Recknagel (5), except 
that methylene chloride was substituted for chloroform. 

The metabolite was assayed by the following procedure. At the end 
of the incubation period, 10 ml. of methanol were added to each tube, 
and the tubes were thoroughly shaken. After 30 minutes, the tubes were 
centrifuged and 10 ml. of supernatant solution were pipetted into a centri- 
fuge tube and extracted three times with 3 ml. of purified petroleum ether, 
the phases being well mixed with a glass stirrer. The tubes were centri- 
fuged after each extraction, and the upper layer was removed with a 
pipette and discarded. All subsequent extractions were carried out in 
this manner. The volume in each tube was reduced to 3 to 4 ml. by 
evaporation under a stream of nitrogen, and the aqueous residue was 
acidified with 0.3 ml. of 10 per cent sulfuric acid before adding 2 ml. of 1 
per cent sodium metaperiodate. The tubes were kept in the dark at 
room temperature for 2 hours, and the oxidation mixture was then neu- 
tralized with 0.5 ml. of 10 per cent sodium hydroxide to prevent extraction 
of the dihydroxyetianic acid formed by oxidation of the residual tetra- 
hydrocortisone. The solution was extracted three times with ether and 
the combined extracts were washed once with 0.5 ml. of water. The 
ether extracts were evaporated to dryness under a stream of nitrogen, 
and the residue was dried for at least 30 minutes in a vacuum desiccator. 
The residue was dissolved in 0.2 ml. of absolute ethanol, and 0.1 ml. used 
to determine the 17-ketosteroids by the method of Wilson (11), except that 
the tubes containing the extract and the m-dinitrobenzene were cooled in 
ice-salt before adding the final reagent and then transferred to an ice 
bath after its addition. After 3 hours, the reaction mixture was diluted 
with 3 ml. of 80 per cent ethanol while still in the ice bath from which 
each tube was removed about 3 minutes before the absorbance at 530 mz 
was read in the Beckman spectrophotometer. We observed an absorb- 
ance of 0.300 for a 1 em. path, when the amount of 11-oxoetiocholanolone 
was 15.6 y. 

It is to be expected that the method of assay of the metabolite would be 
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applicable to other steroids with a glycerol side chain in the presence of 
the corresponding 20-ketosteroid provided that the possible influence on 
the Zimmermann reaction of other groups can be taken into account. It 
cannot be used directly on incubation mixtures containing a sucrose homog- 
enate, but satisfactory results with 6-cortolone have been obtained by 
making an ethyl acetate extract of the incubation mixture and dissolving 
the dried residue in a smal] volume of methanol before adding the reagents 
for oxidation. 

Paper Chromatography—The metabolite and tetrahydrocortisone were 
chromatographed in the system toluene-ethyl acetate-methanol-water 
(125:75:100:100) and detected by the methods described by de Courcy 
and Schneider (2). The R,r values of tetrahydrocortisone and 8-cortolone 
were 0.66 and 0.30, respectively. 


Results 


When tetrahydrocortisone was incubated with unfortified homogenate, 
there was a 24 per cent loss in Porter-Silber-reacting material, indicat- 
ing an alteration in the side chain of the substrate. The extent of altera- 
tion was slightly increased by the addition of DPNH and fumarate to 
the incubation mixture and markedly increased by the addition of a 
TPNH-generating system (Table I). An incubation mixture which in- 
cluded the TPNH-generating system was extracted with ethyl acetate, 
and the residue, after evaporation, was examined by paper chromatography. 
The chromatogram showed the presence of a compound which had an 
Ry value similar to that of B-cortolone and which yielded a 17-ketosteroid 
on periodate oxidation. This spot could not be detected in either the 
tissue blank or the control to which tetrahydrocortisone had been added 
at the conclusion of the incubation period immediately prior to extrac- 
tion. On the basis of these preliminary findings the technique described 
under ‘Materials and methods” was developed for the assay of the metab- 
olite. 

Assay of Metabolite in Presence of Tetrahydrocortisone—When tetra- 
hydrocortisone is oxidized with periodate in a neutral medium there is 
formed a small amount of a substance which has an appreciable absorption 
at 530 mu. This substance has a spectral absorption curve typical of a 
17-ketosteroid and is presumably 11-oxoetiocholanolone. This side reac- 
tion is suppressed by oxidizing in an acid medium (Table II). Hence 
the biological mixtures were acidified with 0.3 ml. of 10 per cent sulfuric 
acid before adding the periodate. Under these conditions a typical tissue 
blank gave As30 = 0.014, and a control, to which 100 y of tetrahydro- 
cortisone were added, gave A530 = 0.015. 

Table III shows the rate of oxidation of 6-cortolone with periodate in 
an acidified medium. On the basis of these results, a 2 hour period was 


Cc. DE COURCY 939 


selected for oxidation in the routine assay. The yield of 11-oxoetiocho- 
lanolone from several such oxidations was 97.5 to 99 per cent of the theo- 


TABLE 
Effect of Added Cofactors on Metabolism of Tetrahydrocortisone by Kidney Homogenates 


DPNH +. | TPNH-generat- 
Tetrahydrocortisone metabolized, y........ 59 68 105 


Substrate, 250 y of tetrahydrocortisone, DPNH 10-3 m, fumarate 0.01 m, 2 ml. of 
10 per cent homogenate. Total volume, 5 ml. Incubation, 90 minutes at pH 
7.4 (Krebs’ buffer) and 37°. Assay of Glenn and Recknagel. 


TABLE II 
Effect of Acidity on Oxidation of Tetrahydrocortisone with Periodate 


pH of reaction mixture Asn 17-Ketosteroid formed 
Y 
2.6 0.018 1.8 
0.007 0.7 
4.3 0.007 0.7 
0.005 0.5 
6.1 0.046 4.7 
0.042 4.3 
7.6 0.053 5.4 
0.052 5.3 


100 y of tetrahydrocortisone in 0.1 ml. of EtOH, 2 ml. of appropriate 0.25 m citric 
acid-phosphate buffer, 2 ml. of water, and 2 ml. of 1 per cent sodium metaperiodate. 
Oxidation time was 2 hours in the dark (32°). 


TaBLeE III 
Rate of Oxidation of B-Cortolone with Periodate in Acid Medium 


Time of oxidation Asn 
hrs. 
0 0 
0.5 0.358 
1 0.405 
2 0. 
4 0.412 


48 y of cortolone, 2 ml. of water, 2 ml. of 0.25 m citric acid-phosphate buffer (pH 
6.4), sulfuric acid, etc., as under “Materials and methods.”’ 


retical value. When incubated for 1.5 hours with kidney homogenate, 
8-cortolone could be recovered to the extent of 94 to 98.5 per cent. 
Further Properties of Enzyme System—Both methods of analysis were 
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used to study the effect of the pH of the incubation medium upon the 
activity of the fortified homogenate. Citric acid-phosphate buffers (0.25 m) 
were employed over the range pH 5 to 8.5. The activity rose sharply 
from pH 5 to 6 and reached a broad peak between pH 6.2 and 7.0 and 
then diminished slowly, considerable activity still being present at pH 
8.5. There was some slight variation in the shape of the curve with each 
homogenate used, but the differences were unrelated to the method of 
assay. The TPNH-generating system was equally active over the pH 
range studied. Incubations were subsequently carried out at pH 6.4 
to 6.7, in citric acid-phosphate buffer. Table IV shows that the quantity 
of metabolite formed is proportional to the time of incubation for the first 
13 hours, after which time the activity declines. 

Isolation and Identification of Metabolite—To a 500 ml. flask were added 
1.4 mg. of tetrahydrocortisone in 1.4 ml. of ethanol, 28 ml. of citric acid- 
phosphate buffer (pH 6.4), 4.5 ml. of isocitric dehydrogenase solution, 


TaBLeE IV 
Rate of Enzymatic Reaction 


Time of incubation 


30 min, 60 min. 90 min. 120 min. | 180 min. 


Metabolite formed, y..................| 23 46 67 77 88 


Substrate, 100 y of tetrahydrocortisone, 1 ml. of 10 per cent homogenate; incuba- 
tion conditions as under ‘‘Materials and methods.”’ Assay, periodate oxidation. 


7.5 ml. of sodium isocitrate, 4.5 ml. of TPN, 7.5 ml. of manganese chloride, 
and a 10 per cent homogenate of two kidneys. After the mixture had 
been incubated for 1} hours, a homogenate from two more kidneys was 
added, and incubation continued for a further 1} hours. 3 ml. of incuba- 
tion mixture were then pipetted into a centrifuge tube, treated with 10 
ml. of methanol, and centrifuged. The quantity of metabolite present 
in the supernatant fluid was assayed in the usual way. To the remainder 
of the incubation mixture, 130 ml. of methanol] were added, and after 30 
minutes the precipitate was centrifuged off and washed twice with 50 
ml. of methanol. The combined methanolic fractions were extracted 
three times with }? volume of purified petroleum ether (Skellysolve B), 
and the bulk of the methanol was then removed by vacuum distillation. 
The aqueous residue was extracted six times with } volume of ethyl acetate, 
and the extracts were taken to dryness.? In thirteen such experiments a 


2 The partition coefficient of B-cortolone between ethyl acetate and water was 2.6 
and it was not affected by the presence of up to 10 per cent methanol in the aqueous 
phase. 
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total of 13.8 mg. of metabolite were obtained from 18 mg. of substrate. 
The combined ethyl acetate residues were dissolved in 5 ml. of methanol, 
diluted to 500 ml. with methylene chloride, and extracted twelve times 
with 100 ml. of water. The combined aqueous phases were extracted 
six times with 300 ml. of ethyl acetate. The ethyl acetate extracts, when 
taken to dryness, yielded a residue which weighed 211 mg. and contained 
8.1 mg. of metabolite. The residue from the methylene chloride phase 
weighed 56 mg. and contained 2.4 mg. of metabolite. The residue from 
the ethyl acetate extract was subjected to partition chromatography on a 
Celite column in the following way. 

Johns-Manville Analytical Filter-Aid was washed with isooctane, ethyl 
acetate, methanol, and water and dried for 12 hours in an oven at 100°. 
30 gm. of this material were shaken with 16 ml. of the lower phase of the 
system water-methanol-ethyl acetate-isooctane (400: 100:500:500), made 
into a suspension with an adequate volume of the mobile (upper) phase, 
and packed into a column 270 X 26 mm. with a Howard-Martin plunger. 
The solvent flowed under gravity at the rate of 10 ml. per 12 minutes. The 
tissue extract was added in 2 ml. of stationary phase and the transfer 
completed with small volumes of mobile phase. The 110th to the 160th 
ml. of the eluate contained tetrahydrocortisone and the 210th to the 440th 
ml. the metabolite. The combined weight of the residues from these 
latter eluates was 9.5 mg. 

Because the quantity of metabolite obtained from the aqueous phase of 
the methylene chloride water partition was lower than had been anticipated 
from trial experiments, the small amount of metabolite in the methylene 
chloride phase was recovered by chromatography on Celite, and the eluates 
(4.1 mg.) containing the metabolite were combined with the corresponding 
fraction from the first column. Two recrystallizations from methanol 
yielded 4.1 mg. of crystals which melted with decomposition at 259-264° 
(corrected), which was not depressed by admixture with a sample of 
the synthetic 6-cortolone. The acetate was prepared with pyridine and 
acetic anhydride and recrystallized from methanol. The crystals melted 
at 202-204°, and the melting point was not depressed on admixture with 
the triacetate of 6-cortolone. The identity of the two acetates was con- 
firmed by comparison of the infrared spectra. The absorption curves 
of the combined mother liquors from the crystallization of the free steroid 
showed most of the maxima of 6-cortolone. This sample was obviously 
contaminated, but the principal impurity did not appear to be the 20a 
epimer (cortolone), as judged by the absence of many of its characteristic 
frequencies in the fingerprint region of the spectrum. It is of interest 
that the carbonyl stretching maxima of cortolone and 8-cortolone were 
significantly different (5.93 and 5.88 wu in potassium bromide respectively). 
The unexpectedly long wave length found for the a epimer may be depend- 
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ent upon the crystalline state since Neher and Wettstein (12) have reported 
a normal 11-ketone peak (5.87 u) for a chloroform solution of the closely 
related 3,11-dioxo-A‘-pregnene-17a , 20a ,21-triol. 


DISCUSSION 


The results of these experiments indicate that kidney tissue contains 
an enzyme which will reduce the C-20 carbonyl group of tetrahydrocortisone 
and which, when coupled to a TPNH-generating system, has about 60 
per cent of the activity of an equivalent liver preparation. From the 
relative weights of the two organs, the kidney may be considered to possess 
about one-tenth as much activity as the liver. Obviously such an estimate 
is valid only insofar as homogenates may be considered to reflect the rela- 
tive enzymatic activities of the organs in the intact animal. 

A comparison of the effect of adding DPNH and of adding a TPNH- 
generating system to the incubation mixture seems to indicate that the 
hydrogen donor is probably the latter cofactor. Since DPNH was not 
entirely lacking in effect, the possibility that under suitable conditions 
it may also serve as a hydrogen donor in this enzyme system cannot at 
present be dismissed. 

In several differential centrifugation experiments, with sucrose homog- 
enates, the enzyme appeared to be located both in the microsomes and 
in the supernatant fraction obtained by the application of 100,000 x g 
for 5 hours. During these protracted experiments, the enzyme showed 
considerable loss in activity, which could not be restored by addition of 
the TPNH-generating system. 

The discrepancy between the results of Schneider and Horstmann and 
the author, on the one hand, and on the other, of those investigators who 
found little or no activity in kidney homogenates, may be partly explained 
by the instability of the enzyme. A further factor may be that of species 
differences, for Ganis et al. (4), Lombardo et al. (7), and Sugahara (6) 
used beef, dog, and guinea pig kidneys, respectively, and it is possible 
that the organs from these species contain only small quantities of the 
enzyme. In support of this is our observation that rabbit kidney homog- 
enate possessed only about 20 per cent of the activity of the corresponding 
rat preparation. 

Moreover, in the earlier studies no TPNH was added to the incubation 
mixtures, and the activity of the preparation was therefore dependent 
upon the quantity of endogenous nucleotide which survived the process 
of homogenization. Under these conditions, the amount of substrate 
reduced at C-20 may have been too small for detection by the Porter-Silber 
method, when applied to crude biological extracts. Where isolations 
were attempted, the procedures of extraction and purification may have 


Aa wo @ te 


ot 
ns 


C. DE COURCY 943 


limited the recovery of the substrate and particularly of the metabolite. 
Burstein (13) has measured the partition coefficients of certain steroids 
and concludes that chloroform is not a satisfactory extractant for a number 
of CxO; compounds. If in the experiments of Lombardo et al. (7), the 
metabolites of cortisol and cortisone had undergone reduction not only at 
C-20 but also in ring A and had been excreted in the urine, it seems likely 
that they remained in the aqueous phase because the solvent used for ex- 
traction was ether-chloroform. However this consideration would prob- 
ably not apply to the metabolites of Reichstein’s substance 8S. In the 
experiments of Ganis et al. (4), 281 mg. of substrate were unaccounted for, 
and it seems possible that here too, this material may have been converted 
to a metabolite not effectively extractable with chloroform. A similar ex- 
planation may be put forward for the results of Sugahara (6). 

Because #-cortolone may be recovered almost quantitatively after 
incubation with kidney under diverse conditions, it seems likely that this 
substance is stable in respect to this tissue. However, Ganis et al. (4), 
who incubated hydrocortisone with kidney homogenate in the presence 
of adenosine triphosphate and DPN, isolated a small quantity of two 
17-ketosteroids which together accounted for 1 per cent of the substrate. 
Our methods of paper chromatography and of analysis would not have 
detected a conversion of this low magnitude. No conjugation of 8-corto- 
lone appeared to occur under the conditions of our experiments. 


SUMMARY 


It has been demonstrated that rat kidney will metabolize 3a,17a,21- 
trihydroxypregnane-11,20-dione when a system for generating reduced 
triphosphopyridine nucleotide is added to the incubation mixture. The 
activity of the fortified kidney preparation was about 60 per cent of that 
of an equivalent liver preparation per mg. of wet tissue. The metabolite 
was isolated and identified as 3a, 17a ,21-tetrahydroxypregnan-11-one. 
It can be assayed in the presence of the substrate by oxidizing with perio- 
date in an acid medium and determining the resultant 3a-hydroxyetio- 
cholane-11,17-dione by the Wilson modification of the Zimmermann 
reaction. 


I wish to thank The Upjohn Company for a gift of tetrahydrocortisone, 
Merck and Company, Inc., for the 21-acetate of this compound, Dr. John J. 
Schneider for a reference sample of 8-cortolone, Dr. David Fukushima for 
a reference sample of 8-cortolone, the Sigma Chemical Company for sup- 
plying us with triphosphopyridine nucleotide at reduced cost and Dr. R. 
QO. Recknagel for a generous gift of pig heart acetone powder and for advice 
concerning the TPNH-generating system. In particular, I am indebted 
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to Dr. Hans Hirschmann for suggesting the method of assay of the metabo- 
lite, for carrying out the infrared spectrophotometry, and for advice and 
criticisms concerning the manuscript. 
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THE PROTEINS OF GREEN LEAVES 


VII. SYNTHESIS AND DECAY OF THE CYTOPLASMIC PROTEINS 
DURING THE LIFE OF THE TOBACCO LEAF* 


By ROBERT W. DORNER,{t ALBERT KAHN, ann SAM G. WILDMAN 
(From the Department of Botany, University of California, Los Angeles, California) 


(Received for publication, June 17, 1957) 


Previous work (1) has shown that about 50 per cent of the total protein 
nitrogen contained in a tobacco leaf which had recently completed growth 
by expansion is associated with particulate structures of leaf protoplasm 
such as nuclei, chloroplasts, etc. The other 50 per cent of the protein 
nitrogen remains soluble in the presence of neutral buffers. In the ana- — 
lytical ultracentrifuge, the soluble proteins (cytoplasmic proteins) are 
resolved into two distinct components: (1) Fraction I which is homogeneous 
by the criteria of centrifugation and electrophoresis and (2) Fraction II 
which is a heterogeneous mixture of proteins. Fraction I possesses a 
sedimentation constant of about 19 S, while Fraction II has a mean sedi- 
mentation constant of about 4 S. 

The purpose of this investigation has been to extend previous observa- 
tions which were confined to the cytoplasmic protein composition of leaves 
at one stage of development. This communication presents analytical 
data on the synthesis and decay of Fraction I and Fraction II proteins 
during most of the life span of attached leaves of two tobacco varieties. 
The picture that emerges is that of a highly dynamic condition of leaf 
protoplasm in which both the ratio of Fraction I to Fraction II and their 
amounts constantly change with time. However, the study also reveals 
that these changes follow an orderly and predictable course that can be 
directly correlated with the stage of development of the leaf. 


Materials and Methods 


Plant Material—Turkish tobacco plants, Nicotiana tabacum var. Samsun, 
were grown in soil contained in 6 inch pots in a greenhouse. WN. tabacum 
var. Maryland Mammoth plants were grown similarly but with supple- 
mentary artificial light from dusk until 2a.m. The extended light period 
provides long day conditions which prevent flowering of this tobacco 
variety. 


* This work was supported in part by a research grant, No. G-1155, from the 
National Science Foundation and Contract AT(11-1)-34, Project 8, of the Division 
of Biology and Medicine, Atomic Energy Commission. 

t Present address, Department of Entomology, Citrus Experiment Station, Uni- 
versity of California, Riverside, California. 
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From the age of about 8 weeks, about 2 weeks after potting, the plants 
were given a basic dose of 1 gm. of fertilizer grade ammonium nitrate 
per week. After the initiation of the experiments, fertilization with am- 
monium nitrate always followed a harvest. If more than one harvest was 
collected in a week, the basic dose was divided into appropriate parts, 
Fertilization with additional elements was carried out regularly each week. 

A population of uniform plants was chosen, and small leaves of approxi- 
mately the same length along the midrib were marked with India ink. 
With the variety Samsun, the marked leaves providing the initial sample 
averaged 5.4 (range 4.5 to 5.9) cm. in length. The marked leaves of the 
variety Maryland Mammoth supplying the first sample averaged 1.6 
(range 1.1 to 2.1) cm. in length. Leaves in both experiments were located 
ten to twelve nodes above the soil level. 

The day on which the leaves were marked and the initial sample was 
taken was arbitrarily defined as zero time. Subsequent harvests of 
marked leaves provided samples which can be considered equivalent to 
the initially harvested leaves at a later stage of development. Before 
each harvest, all of the marked leaves were measured, and leaves of average 
length were selected as the sample. 

Preparation of Cytoplasmic Proteins—Leaves from which the midribs 
had been removed were weighed, infiltrated with nitrogen gas (2), and 
stored in a deep freeze. When several samples had accumulated, the 
leaves were transferred to a nitrogen atmosphere in the frozen state and 
ground immediately in 0.5 M potassium maleate buffer, pH 7.5, with a 
mortar and pestle. Large leaves were ground in 0.5 ml. of buffer per 
gm. fresh weight, while smaller leaves were ground in up to 2 ml. of buffer 
per gm. fresh tissue. The resulting suspension was centrifuged at 15,000 
r.p.m. for 30 minutes in a Spinco model L centrifuge (No. 40 rotor). The 
supernatant fluid, called whole cytoplasm, was withdrawn under nitrogen 
and dialyzed at 4° against 0.01 m potassium maleate with a stream of 
nitrogen bubbling through the buffer. In the experiment with Maryland 
Mammoth tobacco, samples were used for ultracentrifugal analysis after 
being dialyzed overnight, while an aliquot dialyzed for 2} days with ten 
buffer changes was used for protein nitrogen determinations. In the 
experiment on Turkish tobacco, samples for both ultracentrifugal and 
protein nitrogen analyses were dialyzed for the full 23 day period. 

Ultracentrifugal Analysis—The cytoplasmic protein preparations were 
analyzed in a synthetic boundary cell (3) in a Spinco model E ultra- 

centrifuge equipped with a phase plate (4) at 59,780 r.p.m. The process 
of acceleration was standardized as much as possible, and pictures of 
the sedimentation pattern were taken 6} minutes after top speed was 
reached and at constant intervals thereafter. Base line runs at the various 
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bar angles were carried out in a similar manner, the cell being filled with 
0.01 mM maleate buffer only. 

Estimates of the relative concentrations of Fraction I and Fraction 
II proteins were obtained by measuring the areas under the respective 
peaks of the sedimentation pattern in the following manner: The patterns 


-were magnified in a photographic enlarger and traced on stencil paper. 


The base lines were applied according to Cecil and Ogston (5), and the 
tracings of the two peaks were cut out and weighed. The weights were 
corrected for the dilution due to the geometry of the cell, and then the 
per cent of Fraction I in the total was calculated. The values given in 
Tables I and II and Figs. 1 and 2 are derived from means of several 
area determinations made from sedimentation patterns obtained at dif- 
ferent times during one ultracentrifugation. In these determinations, 
standard deviations were usually about 5 per cent of the mean area. 

Systematic errors due to the Johnston effect have been reported for 
ultracentrifugal analyses of relative protein concentrations by area deter- 
mination (6, 7). In the present case, the Johnston effect would tend to 
make the relative concentration of Fraction II appear too large. This 
effect would be most marked at high Fraction I concentrations. If the 
Johnston effect were pronounced, this would, therefore, further accentuate 
the differences in synthesis and decay between Fraction I and Fraction 
II. It is impossible to assess errors incurred by neglecting the Johnston 
effect, since neither Fraction I nor Fraction II is available in pure form. 
However, it can be shown by use of a formula derived by Harrington and 
Schachman (7) that, even if one makes unrealistically unfavorable as- 
sumptions concerning the sedimentation constant of Fraction II in the 
presence of Fraction I, the error due to the Johnston effect would be less 
than about 25 per cent. 

To obtain absolute values for Fraction I and Fraction II proteins, 
total cytoplasmic protein nitrogen per leaf, determined by digestion of 
exhaustively dialyzed whole cytoplasm and subsequent nesslerization, 
was multiplied by the appropriate percentage. 


RESULTS AND DISCUSSION 


The changes in cytoplasmic protein composition during the life of a 
uniform population of Turkish tobacco leaves are given in Table I and Fig. 
1. The cytoplasmic proteins increase in a rapid exponential manner until 
the leaf has gone through its most rapid expansion. The amount of 
cytoplasmic protein doubled in a little over a day, while Fraction I in- 
creased more rapidly than Fraction Il. At the end of the synthetic period, 
decay of Fraction I set in without any marked period in which a steady 
state was maintained. The decay of Fraction I followed the pattern 
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of a first order reaction with a half life of about 11 days. Fraction J] 
behaved similarly, except for slower synthesis and decay rates and the 
possible presence of a short period during which there was a steady state 
between synthesis and decay. 53 days after the leaves were marked 
they were completely brown and dried out. The analysis of these leaves 
showed 0.88 mg. of cytoplasmic protein nitrogen per leaf and only traces 


mg Protein-N per leaf 


| | 
20 30 40 


Time (days) 

Fic. 1. The course of synthesis and decay of the main cytoplasmic proteins during 
the life of the Turkish tobacco leaf (@ Fraction I protein, O Fraction II protein, 
@ total cytoplasmic protein). The abscissa represents time after the beginning of 
the experiment (July 16, 1956) as explained in the text. The ordinate is logarithmic. 


of Fraction I. These data were not included in Table I or Fig. 1, since 
the effect of drying of the leaves on the plant on leaf proteins is not suf- 
ficiently well known. 

From the work of Pearsall (8), one would expect that the flowering of 
a plant might profoundly alter the capacity of its leaves to synthe- 
size proteins. The terminal meristems of the Samsun plants used in 
this experiment were therefore checked microscopically at every harvest 
for the appearance of flower primordia. Flower primordia were first 
discovered on the 8th day, only 2 days after Fraction I had reached 
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n I] — its peak concentration. In view of this close coincidence, it was decided 
the to check protein synthesis and decay in strictly vegetative plants, namely 
tate 
ked TABLE I 
Ves Changes in Cytoplasmic Proteins of Leaves of N. tabacum var. Samsun 
ces Coincident with Their Growth and Aging 
No. 
age cm. gm. mg. 
OT 5 5.4 0.3 1.0 39 
2 2 8.9 0.8 3.4 39 
4 2 12.9 1.8 5.7 45 
6 2 16.4 2.9 10.1 51 
8 2 17.8 3.6 9.8 48 
10 2 18.6 4.4 9.6 46 
14 2 19.1 4.7 tat 42 
18 2 19.5 4.3 5.6 43 
25 2 19.7 4.6 4.7 40 
32 2 19.6 5.2 3.3 32 
39 2 20.1 5.5 1.8 28 
46 2 20.7 6.3 2.1 23 
* Without midrib. 
t July 16, 1956. 
TABLE II 
Changes in Cytoplasmic Proteins of Leaves of N. tabacum var. Maryland 
Mammoth Coincident with Their Growth and Aging 
days cm. gm. mg. 
OT 44 1.6 0.02 0.10 17 
2 19 2.9 0.06 0.18 24 
; 3 9 4.4 0.14 0.63 27 
4 5 5.3 0.19 0.98 31 
6 2 7.6 0.6 3.1 35 
10 2 18.6 3.5 11.9 51 
17 2 28.2 8.1 22.5 55 
24 2 29.1 9.5 17.0 46 
31 2 29.7 9.5 15.9 43 
38 2 29.7 9.5 9.6 26 
45 2 28.8 8.5 6.7 26 
* Without midrib. 
t October 2, 1956. 
the Maryland Mammoth variety of tobacco grown under long day condi- 
tions. Terminal buds of the plants were dissected periodically up to 2 
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weeks after the last harvest and were found to remain strictly vegetative. 
By using smaller leaves than before for the initial sample, it was possible 
to gain more information on the period of protein synthesis. The smallest 
leaves which permitted the use of the previously established experimental 
procedure were between 1 and 2 cm. long. 


° 

° 
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10 20 30 40 50 


Time (days) 

Fic. 2. The course of synthesis and decay of the main cytoplasmic proteins during 
the life of the Maryland Mammoth tobacco leaf (@ Fraction I protein, O Fraction 
II protein, @ total cytoplasmic protein). The abscissa represents time after the 
beginning of the experiment (October 2, 1956) as explained in the text. The ordinate 
is logarithmic. 


The changes in cytoplasmic protein composition during the life of a 
uniform population of Maryland Mammoth tobacco leaves are given in 
Table II and Fig. 2. The general pattern of the synthesis and decay of 
Fraction I protein is quite similar to that described for the Samsun variety. 
During the synthetic period, Fraction I, which made up only 17 per cent 
of the cytoplasmic proteins in the youngest leaves, increased to 55 per 
cent of the cytoplasmic proteins. This amounts to over a 700-fold in- 
crease of Fraction I in 17 days. During the subsequent decay period, 
Fraction I decreased 8-fold. 45 days after the beginning of the experi- 
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ment, I'raction I made up only 26 per cent of the cytoplasmic proteins. 
3 days later, a composite sample of the turgid yellow portions of the partially 
dried remaining leaves was harvested. Ultracentrifugal analysis showed 
that Fraction I made up only 7 per cent of the cytoplasmic proteins in 
this sample. Fraction II exhibited a period of less rapid synthesis than 
Fraction I, followed by an apparent steady state period, and then decayed 
less rapidly than Fraction I. 

In similar experiments! during the winter, the same general trend was 
found. However, both Fraction I and Fraction II showed a prolonged 
period of synthesis and a suggestion of a period of steady state. 

The work of Weissbach et al. (9) suggests that Fraction I may play a 
crucial role in carbon dioxide fixation by green leaves. They have dem- 
onstrated the existence of an enzyme in spinach leaves which is capable 
of fixing carbon dioxide in the presence of ribulose 1 ,5-diphosphate. This 
carboxylation occupies a key position in a recent photosynthetic scheme 
(10). Fraction 1 protein has been found in a number of plants including 
spinach (11). Since the carboxylation enzyme as described by Weissbach 
et al. has properties which closely resemble those of Fraction I (sedimenta- 
tion constant, pH sensitivity, and molecular weight), it is extremely prob- 
able that the carboxylation enzyme in spinach is Fraction I protein. To 
our knowledge no experiments comparable to the ones of Weissbach et al. 
have been done with tobacco, but there is no reason to believe that the 
two plants should have different carboxylation enzymes. 


We are indebted to Mr. William R. Hudson for his invaluable aid in 
conducting these experiments and to Miss Diane Smith for technical 
assistance. 


SUMMARY 


Populations of uniform small leaves of two varieties of tobacco were 
labeled, and the changes of their cytoplasmic proteins were followed for 
about 13 months by means of protein nitrogen determinations and ul- 
tracentrifugal analyses. The cytoplasmic proteins showed a period of 
rapid synthesis, a suggestion of a brief period of steady state, and a period 
of decay. Fraction I protein was synthesized more rapidly than Frac- 
tion II, and it decayed more rapidly than Fraction II. 

The synthesis and decay reactions appear to follow the pattern of first 
order reactions. The changes of leaf cytoplasmic proteins of flowering 
Turkish tobacco and of Maryland Mammoth tobacco kept in the vegeta- 
tive state by long day conditions followed the same general trend. The 
possible implication of Fraction I in photosynthesis is discussed. 


1 Unpublished data. 
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SOLUBLE MONOAMINE OXIDASE; ITS PROPERTIES 
AND ACTIONS ON SEROTONIN 


By HERBERT WEISSBACH, BETTY G. REDFIELD, 
AND SIDNEY UDENFRIEND 


(From the Laboratory of Clinical Biochemistry, National Heart Institute, National 
Institutes of Health, Public Health Service, United States Department of 
Health, Education, and Welfare, Bethesda, Maryland) 


(Received for publication, July 24, 1957) 


5-Hydroxyindoleacetic acid (GHIAA) has been shown to be the major 
metabolite of 5-hydroxytryptamine (serotonin) (1). In man 2 to 8 mg. of 
the acid are normally excreted in the urine per day (2). This suggests 
that the major route of metabolism of serotonin proceeds via oxidative 
deamination, catalyzed, presumably, by monoamine oxidase (MAO). 
Experiments carried out in vitro (3-6) and in vivo demonstrate that MAO 
is a key substance in the physiology of serotonin and other amines. 

MAO has been found in most organ tissues in which it is primarily 
localized in the mitochondria (5). The inability to make soluble the mito- 
chondrial enzyme has prevented studies concerning its cofactor require- 
ments and its mechanism of action. However, although the bulk of MAO 
activity is in mitochondria, appreciable activity is present in soluble form 
in some tissues. This MAO lends itself to standard procedures of enzyme 
purification. 

The present report deals with the purification of soluble MAO from 
guinea pig liver and with preliminary studies on its properties and mode of 
action. A comparison is also made with mitochondrial MAO. 


Materials and Methods 


Male guinea pigs (Hartley or National Institutes of Health strain) 
weighing about 250 gm. were used in these studies. The 5-hydroxyindoles 
employed were obtained from the California Foundation for Biochemical 
Research. Diphosphopyridine nucleotide (DPN) and triphosphopyridine 
nucleotide (TPN) were obtained from the Sigma Chemical Company. 

Incubations were carried out in 20 ml. beakers by using an Aminco 
metabolic shaker at 37°, for 4 hour, in air. Serotonin was determined 
by the method of Udenfriend et al. by employing the 1-nitroso-2-naphthol 
color reaction (7). 

The 5HIAA formed after incubation was assayed as follows: The incu- 
bation mixture was transferred to a 40 ml. glass-stoppered shaking tube 
containing 1 gm. of salt and 0.3 ml. of 6 Nn HCl. The incubation beaker 
was rinsed with 1 ml. of 0.2 nN HCl, and the washing was added to the glass- 
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stoppered tube. 15 ml. of ether were added, and the tube was shaken for 
5 minutes. The phases were separated by centrifugation, and 10 ml. of 
the ether layer were transferred to another glass-stoppered tube containing 
1.5 ml. of 0.5 M phosphate buffer, pH 7.0. The tube was again shaken for 
5 minutes and centrifuged. The ether layer was discarded, 1 ml. of the 
buffer was transferred to another tube, and the 5HIAA was assayed colori- 
metrically by employing the 1-nitroso-2-naphthol reaction (7). Standards 
and blanks were treated in the same manner. 25 y of 5HIAA, carried 
through the entire procedure, gave an optical density of 0.150 at 540 mu. 

Tissues were homogenized in water (1 part of tissue with 5 parts of 
water) by using either a ground glass homogenizer or a Waring blendor. 
The tissue homogenate was first centrifuged at 8000 * g for 20 minutes in 
an International angle head centrifuge (refrigerated), and the residue was 
discarded. The supernatant fluid was then centrifuged in a Spinco pre- 


TABLE I 
Purification of Soluble MAO 

| Specific | Total P of 

| Volume activity 4 total pe 

| ml. | | me. 
High speed supernatant fluid......... 100 «0.05 | 1800, 100 
Ammonium sulfate................... | 40 0.16 | 320, 56 


* Micromoles of serotonin destroyed per mg. of protein per hour. 


parative ultracentrifuge at 100,000 * g for 30 minutes. The supernatant 
fluid obtained after this centrifugation will be referred to as the high speed 
supernatant fluid. For further purification, the high speed supernatant 
fluid was made 25 per cent saturated with respect to ammonium sulfate 
by the addition of saturated ammonium sulfate solution adjusted to pH 8, 
and the precipitate was discarded. The supernatant fluid was then ad- 
justed to 40 per cent saturation with ammonium sulfate. The resulting 
precipitate was dissolved in one-third the volume of the initial high speed 
supernatant fluid with 0.01 m phosphate buffer, pH 7.4. The pH was then 
adjusted to 5.0 to 5.1 by the dropwise addition of 0.5 N acetic acid, and the 
precipitate formed was quickly isolated by centrifugation and dissolved in 
0.05 m phosphate buffer, pH 7.4. This precipitate contained the MAO. 
The relative activities of the various fractions are shown in Table I. The 
fractions at any stage could be dialyzed against phosphate buffer, pH 7.4, 
for 5 hours without any loss of activity, but dialysis against water resulted 
in rapid loss of activity in several hours. The MAO could also be kept 
at 3° for several days with little loss of activity. Specific activity is de- 
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fined as micromoles of serotonin destroyed or 5HIAA formed per mg. of 
protein per hour. 

The mitochondria were isolated by differential centrifugation according 
to the method of Hogeboom e¢ al. (8). 

Protein was determined by the method of Warburg and Christian (9) as 
modified by Kalckar (10). MAO activity was also assayed manometri- 
cally essentially as described by Creasey (11), and ammonia was assayed 
by the method of Johnson (12). Catalase was determined by the method 
of Beers and Sizer (13). 


TABLE II 
Soluble MAO Activities in Various Tissues 


Tissue umole serotonin destroyed per hr. 


The tissues were homogenized in 5 parts of H.O, and a high speed supernatant 
fluid was prepared. The complete system contained 1 ml. of supernatant fluid, 0.5 
ml. of 0.5 m phosphate, pH 8.1, and 300 y of serotonin in a total volume of 3.5 ml. 


EXPERIMENTAL 


Occurrence of Soluble MAO—In all tissues examined the MAO activity 
was found mainly in the mitochondria, as measured by serotonin disap- 
pearance activity, but in certain tissues activity was also observed in the 
high speed supernatant fluid. Table II summarizes the relative activity 
of this soluble MAO in a variety of tissues tested. Guinea pig liver was 
the most active source and, therefore, was used in the studies presented 
here. Diamine oxidase has been reported to attack monoamines (14), 
but early studies showed that the enzyme under study here was inhibited 
by marsilid and other MAO inhibitors, while semicarbazide, a known dia- 
mine oxidase inhibitor, was ineffective. 

Studies on S5HIAA Formation—In previous studies with crude tissue 
preparations, it was observed that only 30 per cent of the serotonin metab- 
olized could be recovered as 5HIAA (4). It was noticed in this present 
system that, although the specific activity of the enzyme as measured by 
serotonin destruction indicated substantial purification, the specific activ- 
ity based on SHIAA formed did not significantly increase (Table III). The 
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addition of either acid filtrate or high speed supernatant fluid from guinea 
pig kidney to all the fractions, along with DPN, resulted in stoichiometric 
conversion of serotonin to 5HIAA. DPN was much more effective in 
this system than TPN, indicating that the second enzyme was an aldehyde 
dehydrogenase similar to that previously described (15). The acid filtrate 
and the high speed supernatant fluid were tested with a variety of alde- 


TaBLeE III 
Serotonin Destruction and 5HIAA Formation in Various Enzyme Fractions 


umole 
serotonin | SHIAA 
destroyed | formed 
Fraction Additions per mg. per mg. 


protein protein 
hr. fr. 

High speed supernatant fluid | None 0.05 0.02 

+ aldehyde dehydrogen- | 0.05 0.05 
use 

Ammonium sulfate None 0.16 0.04 

DPN 0.16 0.14 

+aldehyde dehydrogen- 0.16 0.16 
ase 

Acid ppt. None 0.60 0.04 

ied DPN 0.60 0.06 

+ aldehyde dehydrogen- | 0.60 0.60 
ase 


The protein concentrations per ml. of the enzyme fractions were as follows: high 
speed supernatant fluid, 16.8 mg.; ammonium sulfate, 8.1; and acid precipitate, 3.3. 
0.5 ml. of enzyme was used in each beaker. 0.1 ml. of high speed supernatant fluid 
from guinea pig kidney (13 mg. per ml.) was used as the source of aldehyde dehydro- 
genase. The incubation mixture contained 1 mg. of serotonin, 0.5 ml. of 0.5 m 
phosphate buffer, pH 8.1, in a total volume of 3.5 ml. 1 umole of DPN was used 
where indicated. 


hydes (butyraldehyde, etc.) and were shown to be active with respect to 
aldehyde dehydrogenase as determined by DPNH formation. The over- 
all scheme for 5HIAA formation can, therefore, be summarized as follows: 


aldehyde 


dehyd 
Serotonin > 5-hydroxyindoleacetaldehyde 


> SHIAA 


It appeared that MAO and the aldehyde dehydrogenase system were 
both present in the high speed supernatant fluid and the ammonium sul- 
fate fraction, while only MAO was present in the acid precipitate. 

In the presence of DPN and an excess of aldehyde dehydrogenase it 
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became possible to measure MAO activity by reduction of DPN as meas- 
ured by an increase in optical density at 340 my (Fig. 1). Under these 
conditions, with serotonin as substrate, enzyme activity was linear for 
30 to 45 minutes, after which the rate of reaction fell off markedly. 

All tissues tested had aldehyde dehydrogenase activity, although many 
of them rapidly oxidized reduced DPN thus making it difficult to use 
DPNH formation as a measure of enzyme activity. It was found that 
guinea pig kidney was an excellent source of aldehyde dehydrogenase, 
since the DPNH formed was not metabolized further or reoxidized in 
this tissue. In the experiments described here a high speed supernatant 
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OPTICAL DENSITY 


0 15 30 45 60 75 
MINUTES 


Fic. 1. Reduction of DPN with complete system. The incubation contained 
0.3 ml. of acid precipitate (3.8 mg. per ml.), 0.5 ml. of 0.5 m phosphate buffer, pH 8.1, 
1 mg. of serotonin, DPN (1 umole), nicotinamide (10 umoles), and aldehyde dehy- 
drogenase (0.1 ml. of guinea pig kidney high speed supernatant fluid). The total 
volume was 3.5 ml. Reduced DPN was measured by absorption at 340 muy. 


fluid of guinea pig kidney (prepared as described for the high speed super- 
natant fluid from liver) was used as the source of the aldehyde dehydro- 
genase preparation directly. This high speed supernatant fluid could be 
fractionated with ammonium sulfate, and aldehyde dehydrogenase activity 
was isolated between 33 to 50 per cent ammonium sulfate saturation. For 
the experiments described it was not necessary to use a purified aldehyde 
dehydrogenase preparation. Guinea pig liver was also a good source of 
aldehyde dehydrogenase, and in the early experiments the filtrate obtained 
after acid precipitation of MAO was used as the source of aldehyde dehy- 
drogenase. In all cases, when an excess of aldehyde dehydrogenase was 
present together with excess DPN, a stoichiometric relation was observed 
among serotonin disappearance, 5HIAA formation, and DPNH forma- 
tion (Table IV). 

Substrate Specificity—By using reduction of DPN as a measure of the 
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soluble MAO activity, it was possible to compare the activity of a variety 
of substrates, as shown in Table V. The best substrates were those amines 


TABLE IV 


Relationship among Serotonin Destroyed, 5SHIAA Formed, 
and DPN Reduced by Using Complete System 


Specific activity, umole per mg. protein per hr. 


Serotonin destroyed SHLAA formed DPN reduced 


0.62 0.60 0.61 


| 
| 
| 


Results of a typical experiment with acid precipitate (1.9 mg.), 0.5 ml. of 0.5m 
phosphate buffer, pH 8.1, 1 umole of DPN, 10 uwmoles of nicotinamide, and aldehyde 
dehydrogenase (0.1 ml. of high speed supernatant fluid from guinea pig kidney, 13.3 
mg. of protein per ml.). The DPNH formed was measured by its absorption at 340 
my by using 6.22 X 10% optical density units as its molar extinction coefficient. 


TABLE V 
Relative Activity of Substrate 
Oxygen uptake i 
Substrate 
Mitochondria Acid ppt. 
| 240 | 190 180 
Heptylamine................ | 20 9 13 
Noradrenaline............... 20 30 18 
Benzylamine................ | 0 0 2 
Phenylethylamine...... 0 6 
0 | 0 | 0 


In the manometric experiments a final substrate concentration of 4 X 107° M 
was employed. For these experiments 0.5 ml. of guinea pig mitochondrial suspen- 
sion, equivalent to 100 mg. of original liver, and a concentrated acid precipitate (1 
ml. containing 18.2 mg. per ml.) were employed. The experiments with mito- 
chondria were buffered at pH 7.4, while buffer of pH 8.1 was used with the acid pre- 
cipitate. The DPNH experiments were performed essentially as described in Fig. 1, 
with a final concentration of substrate of 1.6 X 107°. 


which were also excellent substrates for the mitochondrial MAO. _Dia- 
mines were not oxidized by this system. By assaying MAO in this manner, 
it was assumed that the aldehyde dehydrogenase, which converted the 
aldehyde intermediate to 5HIAA in the oxidation of serotonin, was also 
active on the aldehydes formed when other amines were oxidatively 
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deaminated by MAO. We, therefore, verified the substrate specificity 
by employing oxygen uptake as a criterion of enzyme activity (Table V). 
A good correlation was observed with all the substrates tested. The weak 
activity, about one-tenth of the soluble enzyme as compared with the mito- 
chondrial MAO, made manometric experiments impractical as a general 
method of measuring the activity of the soluble system. = 

Effect of pH and Substrate Concentration—The optimal pH was found 
to be about 8.1. Incubations were generally carried out at pH 8.1 with 
phosphate buffer. 

The effect of substrate concentration is shown in Fig. 2. Maximal 
activity was observed at a serotonin concentration of 1.6 K 10-* (1 mg. of 
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FINAL SEROTONIN CONC. (x109) 


Fic. 2. Effect of serotonin concentration on 5HIAA formation. The incubation 
contained 0.5 ml. of acid precipitate (2.8 mg. per ml.), 1 mg. of serotonin, 0.5 ml. of 
0.5 Mm phosphate buffer, pH 8.1, DPN (1 umole), nicotinamide (10 umoles), and alde- 
hyde dehydrogenase (0.1 ml. of acid filtrate, 3.54 mg. per ml.). The total volume 
was 3.5 ml. 


serotonin in a total volume of 3.5 ml.); larger amounts of substrate exerted 
an inhibitory effect. Enzyme activity was measured by acid production, 
but similar results were obtained with DPNH formation. 

Manometric Studies—Previous studies have indicated that the oxidation 
of an amine by MAO proceeds as follows: 


+ O. + H.O R—CHO + NH; + 


Theoretically 1 umole of oxygen should be utilized for every micromole 
of substrate destroyed. In the presence of catalase the oxygen uptake is 
halved. The acid-precipitated fraction was found to be rich in catalase; 
hence in these studies approximately 1 watom of oxygen was absorbed per 
umole of serotonin destroyed (Table VI). A stoichiometric amount of 
NH; was formed, indicating that the above mechanism for MAO was 
applicable to this soluble enzyme. 

Studies on 5-Hydroxyindoleacetaldehyde Formation—The ability of a 
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DPN-linked enzyme to convert the oxidation product of serotonin to 
5HIAA was the first evidence that 5-hydroxyindoleacetaldehyde was 
being formed. The aldehyde could be shown to accumulate in an incu- 
bation mixture containing only MAO, since the subsequent addition of 
an aldehyde dehydrogenase preparation to the flask resulted in a rapid 
reduction of DPN (Fig. 3). This ability to accumulate the aldehyde, 
coupled with no visible pigment formation, indicated that the soluble 
system, unlike the mitochondrial system, was deficient in the enzyme 
system responsible for the oxidation of the aldehyde to pigments. Further 
evidence for the formation and accumulation of the aldehyde was the 
appearance of a colored reaction product with 2 ,4-dinitrophenylhydrazine 


TABLE VI 
Relationship among Serotonin Destroyed, Orygen Uptake, and NH; Formed 
Serotonin destroyed | NHs formed | Oxygen uptake 
pmoles | pmoles | pmoles 
2.4 | 2.2 | 1.3 
2.5 | 2.7 1.4 
2.3 | 2.7 0.8 
Average....2.4 | 2.5 | 1.2 


The incubations were done in Warburg vessels, and, after 40 minutes, aliquots 
were removed to measv"* the remaining serotonin and ammonia formed. 1 ml. of 
a concentrated acid precipitate (18.2 mg. of protein per ml.) was employed in these 
experiments. The Warburg vessels contained enzyme and 2 mg. of serotonin in a 
total volume of 3.2 ml., buffered at pH 8.1. 


in alkali (16), as shown in Fig. 4; this was presumably the corresponding 
phenylhydrazone. 

Another convenient way of qualitatively measuring the aldehyde formed 
was to trap the aldehyde with semicarbazide. The resulting product in 
the presence of strong acid turns a deep yellow. The reaction was found 
to be specific for the semicarbazone of 5-hydroxyindoleacetaldehyde, since 
the corresponding derivatives from tyramine and tryptamine gave no 
color. The colored product was obtained by removing 0.5 ml. of a typical 
incubation mixture (containing 5 mg. of semicarbazide) and precipitating 
proteins by the addition of 0.1 ml. of 10 per cent ZnSO,. After centrif- 
ugation, 0.4 ml. of the supernatant solution was transferred to another tube 
containing 0.6 ml. of 12 N HCl. The resulting yellow color, indicative of 
MAO activity, was measured in the colorimeter. The same yellow colored 
product was obtained when mitochondria were incubated with serotonin 
in the presence of semicarbazide, suggesting that the same product is formed 
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by both of these enzymes. This reaction could also be employed to de- 
tect the 5-hydroxyindoleacetaldehyde derivative by using paper chromatog- 
raphy. Spraying the chromatograms with 6 N HCl yielded a yellow spot. 

Although mitochondria readily oxidized serotonin, only 3 per cent of the 
serotonin destroyed was converted to 5HIAA, and pigment formation was 
always observed. Semicarbazide and other carbonyl-trapping reagents 


240r 
- Th 
6b 
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0 12 24 36 48 60 72 84 0 15 30 45 60 75 
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Fic. 3 Fig. 4 


Fic. 3. Stability of aldehyde intermediate. The incubation contained 0.5 ml. 
of acid precipitate (3.3 mg. per ml.), 1 mg. of serotonin, 0.5 ml. of 0.5 m phosphate, 
pH 8.1, DPN (1 umole), nicotinamide (10 wmoles), and H.O to volume of 3.4 ml. 
Aldehyde dehydrogenase (0.1 ml. of guinea pig kidney high speed supernatant fluid) 
was added after 50 minutes of incubation. The activity was measured by reduction 
of DPN. 

Fic. 4. Demonstration of aldehyde by reaction with 2,4-dinitrophenylhydrazine. 
The incubation mixture contained 0.5 ml. of acid precipitate (3.3 mg. per ml.), 1 mg. 
of serotonin, and 0.5 ml. of 0.5 m phosphate buffer, pH 8.1. At various time inter- 
vals aliquots were removed and allowed to react with 2,4-dinitrophenylhydrazine. 
This product was assayed colorimetrically by absorption at 450 my. 


did not alter the rate of serotonin destruction, but completely inhibited 
pigment formation. If an aldehyde dehydrogenase preparation was added 
to the mitochondria, pigment formation was likewise inhibited, with a 
corresponding large increase in 5HIAA formation. 

Studies on 2-(p-Iodophenyl)-3-(p-nitrophenyl)-5-phenyltetrazolium Chlo- 
ride (INT) Reduction—Previous studies had shown that tetrazolium reduc- 
tion could be used to measure MAO histochemically (17) and that this 
procedure was also applicable in studying MAO in homogenates and mito- 
chondria (18, 19). By employing the reduction of INT as a measure of 
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mitochondrial MAO activity (19), it was shown that only serotonin and 
tryptamine were suitable substrates. Inhibitor studies showed that an 
indole aldehyde was necessary for INT reduction, and it was concluded 
that the further oxidation of the indole aldehyde resulted in the INT re- 
duction. The soluble MAO studied here afforded a better opportunity to 
study INT reduction. The acid-precipitated fraction readily reduced 
INT in the presence of an indole amine. As reported earlier (19), a lag 
phase was always observed when one measured INT reduction with mito- 
chondria as the source of MAO. This lag phase was also observed with 
the soluble MAO. Similar to the mitochondrial system, indole amines 
were the best substrates for INT reduction. 


DISCUSSION 


The physiologic significance of the soluble MAO described here remains 
to be determined. However, since it is similar to the mitochondrial MAO 
in other properties, it offers several advantages over the particulate enzyme. 
It can be purified and separated from aldehyde dehydrogenase. Being 
soluble, it should be possible to purify it sufficiently to determine its prop- 
erties and requirements. 

Substantial evidence has also been presented demonstrating that 5- 
hydroxyindoleacetaldehyde is the intermediate in the oxidation of sero- 
tonin to 5HIAA. The aldehyde has been demonstrated by the formation 
of a colored product with 2,4-dinitrophenylhydrazine and also by its 
reaction with semicarbazide. The studies in vitro have also indicated that 
the production of 5HIAA is dependent on a DPN-linked aldehyde dehy- 
drogenase. Since 5-hydroxyindoleacetaldehyde is formed in the oxidation 
of serotonin, the possibility that this compound may exert some pharma- 
cologic effects attributed to serotonin should not be overlooked. 

It has also been possible to apply this system to the metabolism of the 
catechol amines. Preliminary experiments with epinephrine and _ norepi- 
nephrine indicate that 3,4-dihydroxymandelic acid is formed by this 
soluble MAO system, if sufficient DPN and aldehyde dehydrogenase are 
present.!. Further studies on the actions of MAO on the catechol amines 
are now in progress. 


SUMMARY 


1. A soluble monoamine oxidase (MAQ) present in guinea pig liver has 
been described. Purification has been achieved by using ammonium sul- 
fate fractionation and acid precipitation. 

2. The conversion of serotonin to 5-hydroxyindoleacetic acid (GHIAA) 
has been studied. The system has been divided into two parts, thus mak- 


' Leeper, L. C., Weissbach, H., and Udenfriend, 8., unpublished observations. 
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ing it possible to accumulate and demonstrate 5-hydroxyindoleacetalde- 
hyde. The aldehyde has been shown to be converted to the acid by a 
diphosphopyridine nucleotide (DPN)-linked system. In the presence of 
the complete system, quantitative conversion of serotonin to 5HIAA could 
be obtained, with a stoichiometric reduction of DPN. 

3. Manometric experiments showed that 1 umole of oxygen was absorbed 
and 1 umole of NH; formed per umole of amine oxidized and that peroxide 
was produced. ‘The substrate specificity of this soluble system was similar 
to that of the mitochondrial MAO. 

4. Some characteristics of both this soluble MAO and the mitochondrial 


enzyme have been discussed. 


The authors are indebted to Dr. C. Mitoma for his many helpful sug- 
gestions during the completion of this work. 
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METABOLISM OF PROPIONIC ACID IN ANIMAL TISSUES 
I. ENZYMATIC CONVERSION OF PROPIONATE TO SUCCINATE* 


By MARTIN FLAVINTt anp SEVERO OCHOA 


(From the Department of Biochemistry, New York University College 
of Medicine, New York, New York) 


(Received for publication, July 12, 1957) 


The fate of propionic acid in the animal body is of interest since this 
compound appears to be a product of some metabolic reactions. In rumi- 
nants propionic acid is produced through bacterial fermentations in the 
rumen (1) and can be incorporated into higher odd-numbered fatty acids 
which have been found to occur in natural fats (2). Propionic acid may 
normally also arise not only from the 6 oxidation of odd-numbered fatty 
acids but from the degradation of branched aliphatic amino acids (3-5). 

Although propionic acid had long been known to undergo oxidation in 
the animal body, the nature of the intermediary reactions was obscure. 
Some investigators considered that the primary attack was by a@ oxidation, 
via the sequence propionate — acrylate — lactate — pyruvate (6-8). 
However, experiments on the distribution of C™ from labeled propionate 
in tissue glycogen (9) and acetyl groups (10), or in lactate (11), showed a 
complete randomization of the carbon atoms originating from the a or B 
position of propionate. When propionate was reisolated, no redistribution 
of C'* was found to have occurred between its a- and 6-carbons (10). These 
results suggested that propionate was irreversibly converted to pyruvate 
by way of a symmetrical intermediate such as would be formed if propionate 
or acrylate were first carboxylated to succinate or fumarate, followed by 
oxidation to oxalacetate and decarboxylation of the latter. This view 
finally received direct support through the finding of Lardy and Peanasky 
(12) that extracts of acetone-dried rat liver mitochondria catalyzed an 


* Aided by grants from the National Institute of Arthritis and Metabolic Diseases 
(Grant A-529) of the National Institutes of Health, United States Public Health 
Service, the American Cancer Society (recommended by the Committee on Growth, 
National Research Council), the Rockefeller Foundation, and by a contract (N6onr- 
279, T. O. 6) between the Office of Naval Research and New York University College 
of Medicine. 

t Established Investigator of the American Heart Association. Present address, 
Enzyme Section, National Heart Institute, National Institutes of Health, Bethesda, 
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ATP-dependent! fixation of CO. by propionate to form succinate. A 
marked dependence on CO, of propionate oxidation by sheep rumen epi- 
thelium, as well as a production of succinate in the presence of malonate, 
was observed by Pennington (13). 

The above observations largely mirrored studies of the mechanism of 
conversion of pyruvate to propionate by propionic acid bacteria. Thus, 
the assumption that propionate might arise through the sequence pyru- 
vate — lactate — acrylate — propionate was disproved by Barker and Lip- 
mann (14), who found that lactate was not an intermediate, and previous 
work of Wood et al. (15) indicated that propionate might arise via fixation 
of CO. by pyruvate, followed by decarboxylation of a symmetrical dicar- 
boxylic acid intermediate. Sheep rumen organisms (16) and propionic 
acid bacteria (17) were later found to bring about a quantitative anaerobic 
conversion of succinate to propionate and CO,. With cell-free extracts of 
Micrococcus lactilyticus, Whitley (18) obtained evidence that decarboxyla- 
tion of succinate to propionate proceeds via succinyl CoA, as well as some 
indications that the extracts can convert propionate to succinate by CO, 
fixation. Similar observations, with extracts of propionic acid bacteria, 
were reported by Delwiche et al. (19). The demonstration by Larsen (20) 
of a photochemical formation of C-succinate from C™“Q:2 and propionate 
by green photosynthesizing bacteria is also of interest in this connection. 

In preliminary reports from this laboratory (21, 22) evidence has been 
presented that the major pathway of propionate oxidation in animal tissues 


involves the sequence propionate ATP + CoA. propionyl CoA ATP + CO: 
methylmalonyl (isosuccinyl) CoA — succinate, followed by oxidation 
of succinate via the citric acid cycle. The conversion of propionate to 
methyl malonate has been independently observed by Katz and Chaikoff 
(23) in rat liver slices. This paper presents supplementary evidence for 
the above sequence and describes previously unpublished experimental 
details, while Papers II and III (24, 25) are concerned with further studies 
of the enzymatic steps leading from propionyl CoA to succinate. 


Formation of Methyl Malonate 


Dialyzed pig heart extracts fix CO. when incubated with propionate, 
provided that ATP, CoA, and Mgt+* are added (Table I, Experiment 1). 
The requirement of ATP and Mg*+* had been observed by Lardy and 
Peanasky (12) for the formation of C-succinate from propionate and 
CQO, by rat liver mitochondrial extracts. 


1 The following abbreviations are used: adenosine 5’-mono-, di-, and triphosphate, 
AMP, ADP, and ATP; pyrophosphate, PP; coenzyme A, CoA; reduced glutathione, 
GSH; tris(hydroxymethyl)aminomethane, Tris; ethylenediaminetetraacetic acid, 
EDTA. 
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The requirement of CoA for the carboxylation of propionate suggested 
that propionyl CoA was a reactant. Synthetic propionyl CoA proved to 
be much more effective than propionate -+ CoA even with crude heart ex- 
tracts (Experiment 2, Table 1). This suggests that propionate becomes 


TABLE I 
Fization of C“O. by Propionate + CoA or by Propionyl CoA in Pig Heart Extracts 
The complete system contained (in micromoles) Tris buffer, pH 7.0, 50; MgCl, 2; 
GSH, 5; ATP, 2; KHC"O;, 10; enzyme (pig heart extract) with 5 mg. of protein; and 
(Experiment 1) propionate, 1; and CoA, 1; or (Experiment 2) propionyl CoA, 1. 
Final volume, 1.0 ml. Incubation, 60 minutes at 25°. CQO, fixation determined as 
described in the text. 


-- 


Experiment No. System | CO> fixed 

pmole* 
l Complete 0.150 
” (2.5 mg. protein) 0.085 

No CoA 0 
0.003 
Mg*t* | 0.026 

‘* propionate | 0 
2 Complete | 0.600 
+ 1 umole CoA | 0.600 

No ATP | 0 
Mg** | 0.003 
‘* propionyl CoA | 0.002 

‘* enzyme | 0 

’ Counts per minute of C' fixed 


Counts per minute per micromole of KHC™QO; * 


effective as a CO, acceptor only after conversion to propionyl CoA. Such 
conversion undoubtedly occurs via Reaction 1, catalyzed by acetic thio- 


(1) Propionate + CoA + ATP = propionyl CoA + AMP + PP 


kinase (26, 27) which is also active with propionate. Of particular interest 
was the fact that, when propionyl CoA was used in place of propionate ++ 
CoA, ATP was still required (Experiment 2, Table I) for methyl malonate 
synthesis (22), indicating that it played some additional role in the carbox- 
ylation reaction beyond its function in Reaction 1. As reported in a pre- 
liminary note from this laboratory (28) and discussed in more detail in 
Paper II (24), ATP appears to be involved in the activation of CO+ for 
carboxylation. The substrate role of propionyl CoA and the additional 
requirement for ATP have been confirmed by Lardy and Adler (29). 
Identification of Methyl Malonate—In the experiments of Table I, fixation 
of C“O, was determined on aliquots of the reaction mixture after depro- 
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teinization with sulfuric or perchloric acid. The samples were placed on 
stainless steel planchets, and their radioactivity was determined with a 
windowless flow counter after drying over a steam bath; blanks due to 
residual C“O,. were very low. For identification of the radioactive prod- 
ucts, aliquots of the deproteinized reaction mixtures were submitted to 
continuous ether extraction overnight. The ether was dried and evapo- 
rated; the residue was taken up in a small volume of ethyl acetate and 
applied, along with aqueous solutions of known dicarboxylic acids as mark- 
ers, on Whatman No. 1 filter paper. Ascending chromatography was 


TABLE II 


Identification of C'4-Labeled Dicarborylic Acids by Recrystallization with 
Carrier Succinic or Methylmalonic Acid 


In Experiments 1 and 2, the labeled dicarboxylic acid was derived from CQO, + 
propionate on incubation with pig heart extract (conditions similar to those of Ex- 
periment 1, Table I, complete sample). In Experiment 3, the labeled dicarboxylic 
acid was derived from the action of rat liver acetone powder extract on biosynthetic 
C'4_labeled methyl malonate (conditions similar to those of Experiment 1, Table IV, 
second sample). The labeled acids were isolated by ether extraction, paper chroma- 
tography, and elution as described in the text. Crystallizations with carrier suc- 
cinic acid were from acetone-petroleum ether, with carrier methylmalonic acid from 
ethyl acetate-benzene. Counting at infinite thickness. 


Specific radioactivity (c.p.m. per mmole) 
No. of recrystallizations Experiment 1 Experiment 2 | Experiment 3 
Product recrystallized Product recrystallized | Product recrystallized 
with succinic acid with methylmalonic acid | with succinic acid 
Before recrystal- 80 | 112 | 960 
lization | 

1 | 7 | 114 | 

2 | 3 | 108 | 960 

3 3 | 112 980 


carried out at first in a solvent system of n-butanol saturated with 3.0 m 
formic acid. Spots were located by spraying with 0.04 per cent brom 
phenol blue, adjusted to pH 6.7, in 95 per cent ethanol, and by autoradi- 
ography. With this solvent system essentially all of the C"™ fixed in a 
non-volatile form migrated to the position of succinate. However, the 
eluted product? did not yield any labeled fumarate or malate on incubation 
with succinoxidase, and, upon the first recrystallization with carrier succinic 
acid, its specific radioactivity dropped to one-tenth of the original value 
(Experiment 1, Table II). 

Since methylmalonic acid appeared to be the most likely alternative, a 


2 The acids were eluted from the paper with 50 per cent aqueous ethanol. 
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solvent system was used which, contrary to the one described above, sepa- 
rated methylmalonic acid from succinic acid. This system, consisting of 
isoamyl alcohol saturated with 4.0 m formic acid, was found to achieve 
complete resolution of a mixture of malic, malonic, succinic, methylmalonic, 
and fumaric acids (Strip 1, Fig. 2). With this solvent the enzymatically 
formed radioactive compound appeared in the position of methylmalonic 
acid. 

Further identification of the radioactive reaction product as methyl- 
malonic acid was obtained by recrystallization to constant specific radio- 
activity with carrier methylmalonic acid (Experiment 2, Table II). A 


TaBLeE III 
Recovery of C“ in Products of Pyrolysis of Biosynthetic 
Carboryl-Labeled Methylmalonic Acid 

Carboxyl-labeled C!4-methylmalonic acid, prepared under the conditions of Ex- 
periment 1 in Table I (complete sample), was isolated as described in the text and 
recrystallized five times with carrier methylmalonic acid from ethyl acetate-benzene. 
The specific radioactivity of the product was 112 ¢.p.m. per mmole. 1.0 mmole was 
heated to 160° in a stream of nitrogen, and the products were collected and isolated 
as described in the text. Counting at infinite thickness. 


Pyrolysis products Specific radioactivity (c.p.m. per mmole) 
Product Amount Found Calculated* 
| mmole 
Barium carbonate... ...... 0.92 59 56 
Silver propionate........ 0.54f 56 56 
} 


* Assuming equal self-absorption for methylmalonic acid, barium carbonate, and 
silver propionate and equal distribution of C' between the two products. 
t Accidental loss. 


sample thus recrystallized was subjected to pyrolysis in a stream of nitro- 
gen (30); the evolved propionic acid and CO, were collected in dry ice’ 
and barium hydroxide traps and isolated as silver propionate and barium 
carbonate, respectively. The radioactivity was equally distributed be- 
tween the propionate and the CO, (Table III). Succinic acid is stable 
under these conditions (30). Another sample was converted to 5-methyl- 
barbituric acid by heating with urea in a mixture of glacial acetic acid and 
acetic anhydride (31). The derivative retained the radioactivity al- 
though it could not be recrystallized to constant specific radioactivity. 
This may have been due to oxidation by air (32), as it was observed that 
the crystalline form changed on recrystallization. 

The demonstration that carboxylation of propionate yields methyl 


3 The propionic acid was collected at the bottom of a U-shaped Pyrex tube im- 
mersed in a dry ice-ethanol mixture. 
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ME THYLMALONIC 


HY DROXAMIC 


METHYL MALON- 
MONOHY DROX- 
AMIC 


1 2 3 4 5 


Fic. 1. Activated methyl malonate as the carboxylation product of propiony 
CoA. All the reaction mixtures contained (in micromoles) Tris buffer, pH 7.0, 100 
MgCl:, 10; GSH, 5; ATP, 8; and pig heart extract with 15 mg. of protein. In addi 
tion, the sample for Strip 1 contained (in micromoles) propionyl CoA, 2.5; KHC™O 
(9 X 10° c.p.m.), 10; and hydroxylamine, 100; the sample for Strip 2, propionate, 5; 
CoA, 1.5; KHC™Os;, 10; and hydroxylamine, 100; the sample for Strip 3, same as that 
for Strip 2 but no hydroxylamine; the samples for Strips 4 and 5, CoA, 1.5; and methyl 
malonate-1-C', either a trace amount (Strip 4) or 0.5 (Strip 5). Final volume, 1.5 
ml. After incubation for | hour at 30°, each sample received 1.0 mmole of hydroxyl- 
amine, and the incubation was continued for a further 10 minutes. The samples 
were prepared for chromatography essentially by the method of Stadtman and 
Barker (34). The reaction was terminated by addition of 35 ml. of ethanol, and the 
precipitate was removed by centrifugation. After evaporating the supernatant 
fluid on the steam bath, and then in a vacuum to dryness, the residue was extracted 
with 2 ml. of ethanol, the supernatant fluid was evaporated to dryness, and the resi- 
due was extracted with 0.2 ml. of ethanol. 0.1 ml. aliquots of the supernatant solu- 
tion were used for chromatography in the isoamy] alcohol-formic acid system. The 
figure is a photograph of autoradiograms obtained from the paper chromatograms. 
The origin is at the bottom, and the position of the authentic compounds is shown on 
the strip at the left. The spot near the origin on this strip is the most prominent 
spot given by methylmalondihydroxamiec acid (see under ‘‘Preparations’’). The 
strips were cut horizontally because the autoradiograms of methylmalonic and 
methylmalonhydroxamic acids were obtained on different sheets of x-ray film. 
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malonate, obtained independently by Katz and Chaikoff (23), provided 
the first clue to the biological significance of this compound, discovered 
in normal rat urine 21 years ago (33).‘ 

Immediate Product of Propionyl CoA Carboxylation—aAs previously re- 
ported (22), the immediate product of carboxylation of propionyl CoA 
appears to be an activated form of methyl malonate. Fig: 1 (Strips 1 
to 3) shows that, on addition of hydroxylamine, much of the C* fixed after 
incubating heart extracts with C“%O., ATP, and propionate + CoA or 
propionyl CoA is present as methylmalonmonohydroxamie acid. In all 
the experiments of Fig. 1 each of the samples (final volume 1.5 ml.) received 
1.0 mmole of hydroxylamine after incubation for 1 hour at 30°, and incu- 
bation was continued for a further 10 minutes before preparation for chro- 
matography. In addition, the samples corresponding to Strips 1 and 2 
each contained 100 umoles of hydroxylamine throughout the incubation. 
In these samples there was some accumulation of unlabeled propionhy- 
droxamic acid along with labeled methylmalonhydroxamic acid. The 
experiments corresponding to Strips 4 and 5 of Fig. 1 are controls in which 
an amount of C-labeled methyl malonate of the same order of magnitude 
as is formed from propionate and CO, replaced these compounds. In these 
experiments there was no detectable formation of labeled methylmalon- 
hydroxamic acid. This eliminates the possibility that methyl malonate 
is formed first and activated subsequently. The results of further work 
(25) point to methylmalonylmono CoA as the intermediate. 


Formation of Succinate 


Under optimal conditions for the synthesis of methyl malonate, no suc- 
cinate was formed by the pig heart preparations. Since the carboxylation 
of propionate to methyl malonate did not, at first sight, appear to be help- 
ful in explaining the randomization of the a- and 8-carbons of propionate 
mentioned in the introduction, and in view of the fact that succinate had 
been found to be produced by the carboxylation of propionate in liver ex- 
tracts (12), the C“O, fixation experiments were repeated with extracts of 
liver and other animal tissues. These experiments showed (22) that both 
C4-methyl malonate and C"-succinate are produced on incubation of 
propionyl CoA and CQ, with dialyzed extracts of rat heart, liver, or kid- 
ney, or sheep kidney, in the presence of ATP and Mgt*. Methylmalonic 
and succinic acids were identified by paper chromatography (and auto- 
radiography) in the isoamyl alcohol-formic acid solvent system, and suc- 
cinic acid was further identified by recrystallization with carrier to constant 
specific radioactivity. Strip 2 of Fig. 2, from an experiment with an ace- 


4 In confirmation of Boyland and Levi (33) we have found that methyl! malonate is 
less than one-tenth as effective as malonate as inhibitor of sueccinoxidase. 
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tone powder extract of rat liver, shows the formation of a relatively large 
amount of succinate and a smaller amount of methyl malonate from C%0, 
and propiony! CoA, along with an as yet unidentified component of R, 
slightly greater than that of fumarate. Strip 1, from a parallel experi- 
ment, shows that malonate causes a relatively greater accumulation of 


Fic. 2. Formation of C'*-labeled methyl malonate and succinate in rat liver ex- 
tracts. Drawings of paper chromatograms, in the isoamy] alcohol-formic acid sol- 
vent system, paired with photographs of their autoradiograms. Except for the en- 
zyme, the composition of the reaction mixtures and other conditions for Strips 1 to3 
were the same as those in Experiment 2 (complete sample, Table I). The incubation 
corresponding to Strip 1 was carried out in the presence of 0.01 M malonate. The rat 
liver enzymes were as follows: Strips 1 and 2, acetone powder extract with 10 mg. of 
protein; Strip 3, supernatant fluid of homogenate, prepared after Schneider and 
Hogeboom (35), with 6 mg. of protein. For Strip 4, the conditions were the same 
as those in Experiment 1 (second sample, Table IV). After incubation, the organic 
acids were extracted with ether from acid-deproteinized samples and spotted on the 
paper together with known dicarboxylic acids as carriers. 


methyl malonate at the expense of succinate. On the other hand, in anal- 
ogy with pig heart extracts, the supernatant fluid obtained from rat. liver 
homogenates by the method of Schneider and Hogeboom (35)* formed 
only C'-methyl malonate from propionyl CoA and CO, (Strip 3, Fig. 2). 

Isomerization of Methyl Malonate to Succinate—The above results sug- 
gested that methyl malonate (or methylmalonyl CoA) might be formed 


5 Prepared by Dr. G. W. E. Plaut. 
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first and subsequently isomerized to succinate. This hypothesis received 
support from the finding (22) that, in the presence of ATP, CoA, and Mg*, 
C-labeled methyl malonate was converted to C'4-succinate (see also Ta- 
ble IV) by all tissue preparations capable of forming both methyl malonate 
and succinate from propionyl CoA, but not by pig heart extracts (which 
form only methyl malonate), and by the fact that this conversion was in- 
hibited by malonate. As shown in Table II (Experiment 3), the product 
obtained from incubation of carboxyl-labeled methyl malonate with rat 


Fic. 3. Effect of hydroxylamine on the formation of methyl malonate and suc- 
cinate from COs and propionyl CoA by liver extracts. Photograph of an auto- 
radiogram of C'*-labeled acids separated by paper chromatography in the isoamy] 
aleohol-formice acid solvent system after acid hydrolysis of the hydroxamic acid 
derivatives and ether extraction. Upper spots, methylmalonic acid; lower spots, 
succinie acid. The reaction mixtures contained (in micromoles) Tris buffer, pH 7.0, 
100; MgCl., 8; GSH, 7; ATP, 8; KHC™O, (specific radioactivity, about 105 ¢.p.m. 
per umole), 20; propiony! CoA, 1; and rat liver acetone powder extract with 5 mg. of 
protein. In addition, hydroxylamine was present in the samples for Strips 2 and 3 
in a final concentration of 0.01 mM and 0.02 M, respectively. Final volume, 2.0 ml. 
Incubation, 40 minutes at 30°. 


liver extract was identified as succinate by recrystallization with carrier 
succinic acid. As illustrated in Fig. 2 (Strip 4), this isomerization fre- 
quently proceeded to completion and was essentially the only reaction 
which methyl malonate could be shown to undergo, even in crude extracts. 
The need for ATP and CoA suggested activation of methyl malonate to 
methylmalonyl CoA as a preliminary step in its conversion to succinate. 
The above results and those reported previously (22), in which the time- 
course of formation of both methyl malonate and succinate from propionyl 
CoA was followed in the absence and presence of malonate, lend support 
to the view that propionyl CoA is carboxylated to methylmalonyl CoA and 
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the latter is then converted to succinate (see also Beck et al. (25)). Further 
support for this view is provided by the effect of hydroxylamine on the 
formation of labeled methyl malonate and succinate from CQO: and pro- 
pionyl CoA in rat liver extracts. As shown in Fig. 3, in the presence of 
small, increasing concentrations of hydroxylamine, there is a proportion- 
ally greater formation of methyl malonate at the expense of succinate. 
This effect, which resembles that of malonate, suggests that hydroxylamine 
traps the intermediary methylmalonyl CoA and prevents its further con- 
version to succinate. 

Preliminary Experiments on Mechanism of Isomerization Reaction—Ilt 
has been reported previously (22) that the conversion of methyl malonate 
(or methylmalonyl CoA) to succinate does not seem to involve decarbox- 
ylation to propionate (or propionyl CoA) followed by recarboxylation to 
form succinate, since there was little reduction of the radioactivity of the 
C-succinate produced from trace amounts of C'-methyl malonate by rat 
liver extracts in the presence of pools of bicarbonate, propionate, or pro- 
pionyl CoA. Table IV shows the results of experiments with three kinds 
of labeled methyl malonate, (1) carboxyl-labeled prepared enzymatically 
from CO, and propionate, (2) carboxyl-labeled prepared enzymatically 
from CO: and propionate-1-C'*, and (3) methyl-labeled prepared syntheti- 
cally. The addition of non-labeled compounds was essentially without 
effect in Experiment 1. In Experiments 2 and 3 there was some depression 
of the formation of C'*-succinate, particularly in the presence of propionate 
or propionyl CoA. It is clear, however, that for a decarboxylation-recar- 
boxylation mechanism there should have been considerably more depres- 
sion than has been observed. On the other hand, the results do not rule 
out a transcarboxylation mechanism of the kind indicated by Reaction 2, 
in which carboxy] migration would occur on the enzyme and propionyl CoA 


(2) Methylmalonyl CoA + propionyl CoA = propionyl CoA + succinyl CoA 


would act catalytically as a relatively undissociable, enzyme-bound reac- 
tant. All that can be said at present is that methyl malonate is con- 
verted to succinate in a more or less direct fashion. 


DISCUSSION 


The oxidation of propionate via succinate appears to be a major pathway 
of propionate metabolism in animal tissues; this is now supported by con- 
siderable experimental evidence. In addition to the direct evidence that 
propionate is converted to dicarboxylic acids (12, 21-23, 29), the oxidation 
of propionate by liver homogenates (22) and rumen epithelium (13) has 
been shown to require CO.. Moreover, the work mentioned in the intro- 
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duction (9-11) and the more recent results of Wolfe (36) with rabbit liver 
homogenates appear to rule out a major role for an a oxidation pathway via 
acrylate and lactate. It may also be mentioned that according to Fried- 
berg et al. (38) the rate of carboxylation of propionate by liver mitochondria 
can account for the rate of propionate utilization observed in the intact 
animal. 

The novel features in the dicarboxylic acid pathway disclosed by pre- 
vious work (22) and that reported in this and Papers II and III (24, 25) 
are (a) the formation of an activated form of methyl malonate (isosuc- 
cinate) rather than succinate as the immediate product of carboxylation 
of activated propionate and (b) the conversion of activated methyl mal- 
onate to succinate. The carboxylation of the methylene group of activated 
propionate, rather than of the less reactive methyl group, might have been 
predicted on chemical grounds. However, the isomerization of methyl 
malonate to succinate is a reaction as yet without precedent in chemistry 
or biochemistry. 


Preparations 


Pig Heart Extracts—Pig hearts, obtained immediately after death, were 
packed in ice, trimmed of fat, blood clots, and connective tissue, and passed 
twice through an electric mincer. All operations were performed at about 
0°. 2 volumes of 0.02 m potassium phosphate buffer, pH 7.4, containing 
0.001 m cysteine, were added to 1 volume of mince, and the suspension was 
stirred mechanically for 40 minutes. The extract was squeezed by hand 
through eight thicknesses of cheesecloth, and the filtrate was dialyzed 
overnight against 50 or more volumes of 0.02 m Tris buffer, pH 7.4, con- 
taining 0.001 m cysteine. <A precipitate which formed was discarded after 
centrifugation, and the supernatant fluid was stored at —8°. Protein was 
determined spectrophotometrically with correction for the nucleic acid 
content (39). 

Rat Liver Acetone Powder Extract—Acetone powders of freshly removed 
rat livers were prepared as described previously for pigeon liver (40). The 
powder was extracted by grinding in a mortar for 15 minutes with the grad- 
ual addition of 6 volumes of 0.02 m potassium phosphate buffer, pH 7.0, 
containing 0.2 m KCl. The supernatant fluid, after centrifugation, was 
dialyzed according to the procedure used for the heart extracts and stored 
at —18°. The liver extracts used in some experiments were prepared by 
homogenizing freshly removed rat livers in a Waring blendor with 5 vol- 
umes of 0.04 m Tris buffer, pH 7.4, containing 0.001 m cysteine, and re- 
moving the insoluble residue by centrifugation at 30,000 X g in a Servall 
angle centrifuge at 4°. 


6 It is of interest that Stadtman (37) has found that a oxidation of propionyl CoA 
to acrylyl CoA occurs in cell-free extracts of Clostridium propionicum. 


iver 


. 


M. FLAVIN AND 8S. OCHOA 977 


CoA Thio Esters—-Propiony] CoA was prepared by the procedure de- 
scribed by Simon and Shemin (41) for the preparation of succinyl CoA. 
Sufficient propionic anhydride was added to a fresh solution of CoA at 
pH 7.5 to cause complete disappearance of the free sulfhydryl group (42). 
The free propionic acid formed was removed by three extractions, each 
with 5 volumes of ether, at 0° and pH 3.0, and the amount of thio ester 
present was determined as hydroxamic acid (43), after removing the ether 
ina vacuum. Stored at pH 5 to 6 at —18°, the material appeared stable 
for months. 

Synthesis of Labeled Compounds—Methyl-labeled methyl malonate was 
prepared from C'4-methy] iodide and sodium diethyl malonate (44). After 
saponification, extraction with ether, and recrystallization from acetone, 
the free acid was radiographically pure. We are indebted to Dr. H. Cas- 
tro-Mendoza for this preparation. Methyl malonate-1-C' was prepared 
enzymatically with pig heart extract in two ways, either from KHC"OQ; 
and propionate or from propionate-1-C" and KHCO;, and was purified 
by chromatography as described in the experimental section. 

Other Preparations— Methylmalonic (and propylmalonic) acids were pre- 
pared from the diethyl ester (Sapon organic chemicals) by saponification, 
ether extraction, and repeated crystallization from acetone or acetone- 
petroleum ether. Methylmalonmonohydroxamic acid was prepared by 
the alkaline hydroxylamine method (45, 46) from crystalline potassium 
monoethylmethyl malonate which, in turn, was prepared from the diethyl 
ester (47). Preparation of methylmalondihydroxamic acid from methyl- 
malonic diethyl ester was attempted by the above method and also by 
adding diethy] ester to anhydrous hydroxylamine in ethanol in the presence 
of sodium ethoxide. By these methods products were obtained which gave 
multiple spots on paper chromatography. The most prominent of these 
spots, which appeared only several days after spraying with ferric chloride, 
is indicated in Fig. 1. Its identity has not been ascertained. The ‘‘meth- 
ylmalondihydroxamic acid” preparations decomposed to yield products 
migrating to the position of methylmalonmonohydroxamic acid on chro- 
matography in the isoamy] alcohol-formic acid solvent system. Sigma 
crystalline ATP and Pabst CoA were used in most experiments. Propi- 
onate-1-C™ and other materials were obtained commercially. 


SUMMARY 


Propionate is oxidized in animal tissues by a path involving (a) con- 
version to propionyl coenzyme A, (b) adenosine triphosphate-dependent 
carboxylation to methylmalonyl] (isosuccinyl) coenzyme A, and (c) quanti- 
tative conversion of the carbon skeleton of methyl malonate to succinate 
which is then oxidized via the citric acid cycle. The conversion of methyl 
malonate to succinate does not take place by decarboxylation of the a-car- 
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bon followed by recarboxylation on the 6-carbon of propionate, but by 
some relatively direct route. The oxidation of propionate via dicarboxylic 
acids seems to be a major pathway of propionate metabolism in animal 
tissues. 


The authors wish to acknowledge the contribution of Dr. Joseph R. Stern 
in originally suggesting the study of this problem and the help of Mr. Mor- 
ton C. Schneider in the preparation of tissue acetone powders and extracts, 
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METABOLISM OF PROPIONIC ACID IN ANIMAL TISSUES 


II. PROPIONYL COENZYME A CARBOXYLATION SYSTEM* 
By MARTIN FLAVIN,ft H. CASTRO-MENDOZA,{ ann SEVERO OCHOA 


(From the Department of Biochemistry, New York University College of 
Medicine, New York, New York) 


(Received for publication, July 12, 1957) 


The carboxylation of propionyl CoA! to methylmalonyl CoA (1, 2) or 
that of B-hydroxyisovaleryl CoA to B-hydroxy-8-methylglutaryl CoA (3) 
requires ATP. 

A study of the role of ATP in the carboxylation of propionyl CoA (4) 
revealed that heart enzyme preparations catalyzed a liberation of ortho- 
phosphate from ATP if both CO, and propionyl CoA were present. In the 
absence of propionyl CoA, but in the presence of fluoride, there was a 
CO.-dependent reaction between ATP and fluoride to yield ADP and 
monofluorophosphate. The results suggested that fluorophosphate might 
arise secondarily by fluorolysis of a ‘‘carbonyl phosphate,” formed from 
ATP and CO, by the action of a CO:-activating enzyme, and that “car- 
bonyl phosphate”? might carboxylate propionyl CoA in the presence of a 
carboxylase. This paper presents a more detailed account of the above 
work as well as further studies of the fluorophosphate-forming system and 
some evidence for the involvement of separate CO,-activating and propi- 
onyl CoA-carboxylating enzymes in the over-all reaction. 


Propionyl CoA Carboxylation System of Pig Heart 


Assay—Carboxylation of propionyl CoA was assayed by determining the 
amount of COs, fixed by a reaction mixture containing, in a final volume 
of 1.5 ml., the following components (in micromoles): imidazole buffer, 
pH 7.0, 100; GSH, 5; MgCh, 4; ATP, 4; propionyl CoA, 0.5; KHC™“O,; 
(specific radioactivity 10,000 to 20,000 ¢.p.m. per umole), 15; and enzyme 


* Aided by grants from the National Institute of Arthritis and Metabolic Diseases 
(Grant A-529) of the National Institutes of Health, United States Public Health 
Service, the American Cancer Society (recommended by the Committee on Growth, 
National Research Council), the Rockefeller Foundation, and by a contract (N6onr- 
279, T. O. 6) between the Office of Naval Research and New York University College 
of Medicine. 

t Established Investigator of the American Heart Association. Present address, 
Enzyme Section, National Heart Institute, National Institutes of Health, Bethesda, 
Maryland 

t Doherty Foundation fellow. Present address, Institute for Medical Research, 
University of Madrid, Madrid, Spain. 

1 The abbreviations used are defined in Paper I (2). 

981 


982 METABOLISM OF PROPIONIC ACID. II 


with 0.02 to 0.4 mg. of protein. After incubation for 20 minutes at 30° 
in an atmosphere of nitrogen, the samples were deproteinized by the addi- 
tion of 0.2 ml. of 2.0 n perchloric acid, and the precipitate was removed 
by centrifugation. Aliquots of the acid protein-free solution were placed 
on stainless steel planchets and dried over a steam bath, and the radio- 
activity fixed was determined with a windowless flow counter (2). A 
small correction was made for self-absorption; this amounted to 20 per 
cent of the C' counts. The amount of CO, fixed was determined from 
the ratio (counts per minute of the sample)/(counts per minute per micro- 
mole of NaHC"“O3;), whereby it was arbitrarily assumed that, on the ay- 
erage, the reaction mixture contained 5 wmoles of bicarbonate in addition 
to the 15 wmoles added. 1 unit of enzyme was defined as the amount 
catalyzing the fixation of 1.0 umole of CO, per hour under the conditions 
of the assay, and the specific activity was expressed as units per mg. of 
protein. Protein was determined spectrophotometrically by measure- 
ment of the light absorption at wave lengths 280 and 260 muy, with a cor- 
rection for the nucleic acid content (5). The rate of CO, fixation was 
approximately proportional to enzyme concentration between the limits 
of 0.01 and 0.1 unit per 1.5 ml. of reaction mixture. 

Purification—All operations were carried out at about 0°. 

Step 1. Extraction—The extract was prepared as described in Paper I (2) 
and used immediately for the next step without prior dialysis. 

Step 2. Adsorption and Elution from Calcium Phosphate Gel—2 liters of 
extract (corresponding to 1000 gm. of minced heart) were adjusted to pH 
6.2 with 1.0 N acetic acid and mixed with 900 ml. of calcium phosphate 
gel (25 mg. per ml.). After stirring for 30 minutes, the suspension was 
centrifuged, and the supernatant fluid was discarded. Elution of the gel 
was carried out by brief stirring with eluent in a Waring blendor and cen- 
trifugation. The following eluents, each containing 0.001 m L-cysteine, 
were used in succession: (1) 800 ml. of 0.033 m potassium phosphate buffer, 
pH 6.2; (2) 800 ml. of 0.067 m potassium phosphate buffer, pH 6.2; (3) 
800 ml. of 0.1 m potassium phosphate buffer, pH 6.2; and (4) and (5), each 
500 ml. of 0.1 mM potassium phosphate buffer, pH 7.4. Eluates (1), (2), 
and (3) were discarded. Eluates (4) and (5) were combined and made 
0.003 m and 0.005 m with cysteine and EDTA, respectively. 

Step 3. Ammonium Sulfate Fractionation—The combined eluates from 
the above step (900 ml.) were fractionated with solid, finely powdered 
ammonium sulfate at 0°. The salt was added slowly with mechanical 
stirring over a period of 30 minutes, and stirring was continued each time 
for about 30 minutes prior to centrifugation at top speed in a Servall angle 
centrifuge. The solution was first brought to 0.32 saturation with 204 
gm. of ammonium sulfate. The precipitate was removed by centrifugation 
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and discarded. The supernatant fluid was then brought to about 0.56 
saturation with a further 153 gm. of ammonium sulfate, and the precipitate 
was dissolved and dialyzed as described below. 

Step 4A. Acetone Fractionation—The 0.32-0.56 ammonium sulfate frac- 
tion was dissolved in about 25 ml. of 0.04 m Tris buffer, pH 7.4, contain- 
ing GSH and EDTA (each 0.01 m) and dialyzed with stirring overnight 
against 5 liters of 0.02 m Tris buffer, pH 7.4, containing 0.002 m cysteine 
and 0.005 mM EDTA. The dialyzed solution (about 30 ml.) was diluted to 
give a protein concentration of 8 mg. per ml. and made 0.05 Mm and 0.015 Mm 
with regard to Tris buffer, pH 7.0, and EDTA, respectively. Acetone 
(—10°) was added dropwise with mechanical stirring to a concentration 
of 32 per cent by volume while the temperature of the mixture was grad- 
ually lowered to —6°. The precipitate was collected by centrifugation at 
—5° to —10° and immediately dissolved and dialyzed in the same manner 
as the ammonium sulfate precipitate. The dialyzed solution was divided 
into several aliquots which were stored at — 18°. 

Step 4B. Protamine Fractionation—For this alternative step the 0.32- 
0.56 ammonium sulfate precipitate was dissolved in about 25 ml. of 0.02 m 
Tris buffer, pH 7.4, containing 0.005 m EDTA, and dialyzed for 1 hour 
against 5 liters of the same solution. The dialyzed solution was diluted 
with water to a protein concentration of 12 mg. per ml. and adjusted to 
pH 6.5 with 0.8 ml. of 0.1 N HCl. The volume of the enzyme solution was 
54 ml. The solution was cooled to 0° and 17 ml. of a 1.0 per cent solution 
of protamine sulfate were added, a few ml. at a time, with mechanical 
stirring. The mixture was centrifuged, the precipitate washed successively 
with 10 ml. of water and 6 ml. of 0.1 m Tris buffer, pH 7.5, and then eluted 
with 6 ml. of the same buffer containing ammonium sulfate at 20 per cent 
saturation. The supernatant solution was dialyzed overnight against 5 
liters of 0.02 m Tris, pH 7.5, containing 0.002 m EDTA, and the dialyzed 
solution was made into several aliquots which were stored at —18°. A 
summary of the purification procedure is given in Table I. Whereas dia- 
lyzed extracts are fairly stable when kept at — 18°, all subsequent fractions 
are unstable and lose their activity after varying periods of storage. 

Although little purification is obtained with the acetone step, the pro- 
pionate-activating enzyme, adenylic kinase (myokinase), and ATPase 
activities are markedly reduced in the acetone fractions. This is illus- 
trated in Table II. It will be seen from Column 2 that the CO, fixation 
activity with propionate plus CoA instead of propionyl CoA, which is 25 
per cent of that obtained with propionyl CoA in the initial extract, drops 
to 1 per cent in the acetone fraction. The ability of ADP to replace 
ATP, due to adenylic kinase, drops to 5 per cent from 38 per cent (Column 
3), and the ATPase activity is also significantly decreased (Column 4). 
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Moreover, although the initial extracts have marked inorganic pyrophos- 
phatase activity, this is virtually absent from the acetone fraction as shown 


TABLE I 


Purification of Propionyl CoA Carboxrylation System of Pig Heart 
1.0 kilo of minced tissue. 


Step Volume Units Protein bem me Yield 
mi. mg per ceni 
2. Ca;(PO,4)2 gel eluate, 
3. (NH 4)2SO, fractior 
(0.32-0.56).......... 30 310 640 0.48 30 
4A. Acetone fraction 
20 157 290 0.54 15 
4B. Protamine eluate... .. J S 146 57 2.57 14 
TABLE II 


Partial Removal of Propionate-Activating Enzyme, Adenylic Kinase, and ATPase on 
Purification of Propionyl CoA Carbozylase 


The composition, incubation, and assay of the reaction mixtures in Assays 1 and 
2 were the same as those in the standard assay for propionyl CoA carboxylase, ex- 
cept that propionate (0.5 umole) and CoA (0.5 umole) were substituted for propionyl 
CoA in Assay 1 and ADP (4 umoles) was substituted for ATP in Assay 2. For the 
ATPase assay the reaction mixtures were the same as those in the carboxylase assay, 
except that they contained no propionyl CoA, and 8 ymoles of ATP were present in a 
final volume of 1.5 ml. The liberation of phosphate was measured after incubation 
for 20 minutes at 30°. The results of Assays 1 and 2 are expressed as per cent of the 
CQ, fixation obtained in the standard carboxylase assay. ATPase activity is 
expressed as micromoles of orthophosphate liberated per hour per mg. of protein. 


Assay 1 (propionate-| Assay 2 (adenylic 


Enzyme fraction activating enzyme) 


(1) (2) (3) (4) 


Pig heart extract............... 25 38 2.0 
(NH,)2SO,4 17 10 
Acetone (0-32%).............. 1 5 0.2 


in Table III. It should be noted in Table III that added pyrophospha- 
tase was active in the presence of the heart enzyme, indicating that there 
was no inhibition of pyrophosphatase activity under the conditions of the 
assay. All experiments reported in this and in a previous paper (4) have 
been carried out with the ammonium sulfate fraction (Step 3) or acetone 
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fraction (Step 4A). The protamine fraction was used for some experiments 
in Paper IIT (6). 


Properties of Carboxylase System 


Breakdown of AT'P in Absence of Fluoride—Acetone fractions of pig heart 
(Step 4A, Table I) catalyze a liberation of orthophosphate from ATP in 
the presence of CO: and propionyl CoA. The detailed experimental results 
have already been presented (4), and only the essential data are sum- 
marized in Table IV. Table IV shows that, in the absence of CO, and 
propionyl CoA, there is some breakdown of ATP, in all probability due to 
residual ATPase (cf. Table IL), and that this breakdown is significantly in- 


III 
Absence of Pyrophosphatase from Pig Heart Acetone Fraction 

The reaction mixtures contained (in micromoles) imidazole buffer, pH 7.0, 100; 
GSH, 5; MgCl., 4; sodium pyrophosphate, 0.23; pig heart acetone fraction (Step 
4A, Table I) with 2 mg. of protein; and, if present, crystalline yeast pyrophospha- 
tase, 0.02 mg.; potassium bicarbonate (with 100 per cent CQO: instead of air in the 
gas phase), 380; potassium fluoride, 15. Final volume, 1.5 ml. Incubation, 40 
minutes at 30°. | 


Conditions Other additions a 7 
pmole 
Without pyrophosphatase 0.01 
KHCO; 0.02 
With pyrophosphatase 0.46 
KHCO; 0.47 
KF 0.00 


creased only if both CO, and propionyl CoA are present. That orthophos- 
phate, and not pyrophosphate, is liberated is apparent (a) from the ab- 
sence of demonstrable pyrophosphatase in the enzyme fraction (Table 
ILI) and (b) from the fact (4) that addition of crystalline yeast pyrophos- 
phatase (8) did not increase the formation of orthophosphate. Control 
experiments showed (4) that propionyl CoA could not be replaced by CoA, 
and that the effect of CO. and KHCQs, in the presence of propionyl CoA, 
was not due to pH change or to the potassium ion. Table V illustrates 
other experiments with the heart acetone fraction, showing that, with very 
small amounts of ATP, the amount of C'O, fixed in the presence of pro- 
pionyl CoA is equimolar with the added ATP. It will be seen further, 
with adenylic kinase largely removed by the purification procedure (cf. 
Table 11), that no CO, is fixed when ATP is replaced by ADP in small 
amounts. 
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Breakdown of ATP in Presence of Fluoride—The liberation of ortho- 
phosphate accompanying the carboxylation of propionyl CoA by our pig 
heart system contrasted with reports of Coon and collaborators (9) that 


TABLE IV 
Orthophosphate Liberation from ATP in Propionyl CoA Carbozylation 


The basal system contained (in micromoles) imidazole buffer, pH 7.3, 100; GSH, 
5; MgCle, 4; ATP, 4; and the same pig heart acetone fraction used in the experi- 
ments of Table III, with 1.0 mg. of protein. Other additions were (in micromoles) 
propionyl CoA, 2; or potassium bicarbonate, 380 (with 100 per cent COz instead of 
air in the gas phase); or both. Final volume, 1.5 ml. Incubation, 40 minutes at 
30° in Warburg flasks. For the samples with no bicarbonate, CO:2-free solutions 
were prepared immediately before use, CO2-free water and CO:2-free potassium hy- 
droxide being utilized for neutralization of acids. These samples were further in- 
cubated in closed Warburg flasks with alkali in the center well for 30 minutes prior 
to tipping in the enzyme. In all cases the pH after incubation was around 7.3 (pH 
7.23 to 7.38). Orthophosphate, here as well as in the experiments of Tables II and 
III, was determined on trichloroacetic acid filtrates by the method of Fiske and 
Subbarow (7). 


System A due to 
umole pmole 
propionyl CoA.................. 0.32 +0.05 
0.16 —0.11 
propionyl CoA + KHCOQ,....... 0.63 +0.36 
TABLE V 


Propionyl CoA Carborylation with Small Amounts of ATP 


Conditions of standard carboxylase assay with pig heart acetone fraction (0.26 
mg. of protein) and ATP or ADP as indicated. 


Nucleotide fixed 
pumoles pmole 
ATP, 0.005. . 0.006 
0.015 
ADP, 0.02. 0 
ATP, 1.0... 0.060 
0.091 


pig heart enzyme fractions catalyze a CO2-dependent cleavage of ATP 
with liberation of pyrophosphate. This made it desirable to study the 
breakdown of ATP by our carboxylation enzyme preparations in the pres- 
ence of fluoride to inhibit any pyrophosphatase activity which might have 
escaped detection. As already reported (4), in the presence of fluoride 
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ATP was rapidly broken down with formation of monofluorophosphate. 
The reaction was dependent on the presence of enzyme, ATP, CO., Mgt, 
and fluoride and resulted in a stoichiometric formation of fluorophosphate 
and ADP with an equivalent disappearance of ATP, in accordance with 


(COs, Mg**) 


(1) ATP + fluoride ADP + fluorophosphate 


Reaction 1. The CO, dependence of this enzyme activity, referred to as 


TaBLe VI 
Fluorophosphate Formation under Various Conditions 
Conditions as in ‘‘fluorokinase”’ assay except for the indicated changes. Pig 
heart enzyme fraction (Step 3 or 4A, Table I) with 1.0 mg. of protein. 


Enzyme | | 
fractions from} Tacubetion | | KF | Other additions | 
Table I | 
| min. pmoles pumoles | pmoles | pmoles 
3 | 40 4 15 | 0.93 
3 | 80 1 15 1.40 
2 3 Bae l 15 0.32 
| 3 | 40 4 15 0.93 
20 15 1.55 
3 | 40 4 0.14 
0.93 
| 3 | 40 4 | 45 | 2.14 
4A 30 1.86 
30 4 | 30 Imidazole, pH 7.3, 0.22* 
| 100; KHCO; , 20 
| 4A | 30 | 4 | @ | Imidazole, pH 7.3, 0.OS8t 
| | | | 100; KCI, 380 


No Yo. 
t No KHCOs;; no COs. 


“fluorokinase,’’ suggested that ATP and COs might react to yield ADP 
and «a phosphoryl CO, derivative which would subsequently be split by 
fluoride, possibly non-enzymatically, to give fluorophosphate and COs (4). 

The dependence of the enzymatic formation of fluorophosphate on var- 
lous factors, such as time of incubation, Mg++, and fluoride concentration, 
is illustrated in Table VI. Table VII shows that fluoride cannot be re- 
placed by chloride, bromide, or iodide. Since phosphoryl halides other 
than fluorophosphate might be rapidly hydrolyzed, orthophosphate was 
determined in addition to easily hydrolyzable phosphate in the Norit fil- 
trates, but no orthophosphate was released in any of the samples. It will 
be seen that no formation of easily hydrolyzable phosphate occurred in 
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the presence of KCl, KBr, or KI, thus excluding the occurrence of a reae- 
tion with these compounds. 

Identification of Fluorophosphate—A reaction mixture containing 4 umoles 
of 4 umoles of ATP, 380 uwmoles of KHCO;, 30 umoles of KF, and 
enzyme (pig heart fraction, Step 4A) with 1.0 mg. of protein, in a final 
volume of 1.5 ml., was equilibrated with 100 per cent CO, (pH 7.3), and 
incubated at 30° for 30 minutes. The reaction was stopped by adding 
sufficient 2.0 N perchloric acid to bring the pH to about 4.5. The resulting 
precipitate of protein and potassium perchlorate was removed by centrifu- 
gation and discarded. The supernatant fluid was shaken for 10 minutes 
at 25° with 200 mg. of Norit A to remove the nucleotides (10), and the 
Norit was removed by centrifugation; the completeness of the nucleotide 


TaBLeE VII 
Absence of Reaction between ATP, CO2, and Chloride, Bromide, or Iodide 
Conditions as in ‘‘fluorokinase’’ assay. Pig heart ammonium sulfate fraction 
(Step 3, Table I) with 1.0 mg. of protein; fluoride or other halides as indicated, 
Easily hydrolyzable phosphate determined after removal of nucleotides with Norit 
as described under ‘‘fluorokinase”’ assay. 


Additions Easily aoe phosphate 
pmoles umoles 
KF, 45.... 20 
6150... 1.1 
KCl, 45. 0.0 
KBr, 45. 0.0 
KI, 45... 0.0 


removal was controlled by examining the light absorption of the solution 
at wave length 260 my before and after the charcoal treatment. The 
supernatant fluid was lyophilized, and the residue was dissolved in one- 
tenth the original volume of water. The resulting solution (of low salt 
concentration) was utilized for ascending chromatography on Whatman 
No. 1 filter paper in a solvent system consisting of 90 ml. of isopropanol, 
80 ml. of 90 per cent formic acid, and 1 ml. of concentrated ammonia.’ 
After drying, the phosphate-containing spots were located by spraying 
with the molybdic acid-H.S reagent of Hanes and Isherwood (12). Under 
these conditions fluorophosphate gives a delayed, strong grayish blue color. 


2 Satisfactory results were also obtained with either of the following solvents (11): 
150 ml. of isopropanol, 50 ml. of water, 10 gm. of trichloroacetic acid, and 0.6 ml. of 
concentrated ammonia, or 70 ml. of 15 per cent trichloroacetic acid and 130 ml. of 
acetone. In the case of the latter solvent development should be carried out at 
about 0°. In both these solvent systems the Rp values are P > FP > PP. 
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The photograph of a typical chromatogram is shown in Fig. 1. It may be 
seen that the phosphate-containing product (XP) formed on incubation 
migrates faster than pyro- (PP) and orthophosphate (P) in the isopro- 


oo 
T T 


mMOLES FP/30 MIN. 


T 


0 04 O68 $10 12 
PROTEIN (mq.) 
Fic. 1 2 

Fic. 1. Chromatographie identification of fluorophosphate. For details see the 
text. Origin indicated by line at bottom of chromatogram. The difluorophosphate 
preparation contained some monofluorophosphate and another unidentified con- 
taminant of lower Fr. 

Fig. 2. Rate of fluorophosphate formation as a function of enzyme concentration. 
The reaction mixtures contained (in micromoles) potassium bicarbonate, 380; MgCle, 
4; ATP, 4; potassium fluoride, 30; and pig heart ammonium sulfate fraction (Step 3, 
Table I) with the amounts of protein indicated. 100 per cent CO: in the gas phase 
(pH, 7.3). Ineubation at 30°. 


panol-ammonium formate solvent system, and its Ry is identical with that 
of authentic synthetic monofluorophosphate (FP). Difluorophosphate 
(I'2P) has a much larger Ry. It may also be seen that the charcoal-treated 
protein-free reaction mixture contains a small amount of orthophosphate 
besides fluorophosphate but no other phosphate compounds. 
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Other data establishing the identity of XP with monofluorophosphate 
have already been presented (4). In particular, the first order velocity 
constants of hydrolysis in acid and alkali of XP and authentic monofluoro- 
phosphate were identical and much higher than the corresponding hydroly- 
sis constants of pyrophosphate. Further, XP, prepared by elution from 
paper chrometograms, yielded, like fluorophosphate, a barium salt spar- 
ingly soluble in acid. 


*Fluorokinase”’ 


Assay—The assay is based on the amount of fluorophosphate produced 
in 30 minutes at 30°, in the presence of ATP, COs, Mgtt, fluoride, and 
enzyme. The composition of the reaction mixture is described in the 
legend to Fig. 2.. The mixture was deproteinized with sufficient 2.0 Nn 
perchloric acid to lower the pH to about 4.5, and, following removal of 
the nucleotides with charcoal as described in the preceding section, fluoro- 
phosphate was determined on aliquots of the protein-free filtrate as the 
difference between the orthophosphate present before and after hydrolysis 
in 1.0 nN HCl for 10 minutes at 100°. As already noted, the only phos- 
phorus-containing compounds detected in the reaction mixtures after in- 
cubation and removal of the nucleotides were orthophosphate, which is 
present only in small amounts, and fluorophosphate. Pyrophosphate, if 
present, would be hydrolyzed under the above conditions and interfere 
with the determination of fluorophosphate by this method. As shown in 
lig. 2, under the conditions of the assay the rate of formation of fluoro- 
phosphate was proportional to the concentration of enzyme over a wide 
range of enzyme dilutions. 1 unit of enzyme activity was taken as the 
amount catalyzing the formation of 1.0 umole of fluorophosphate per hour, 
and the specific activity is expressed as units per mg. of protein. Protein 
was determined spectrophotometrically (5) as in the carboxylase assay. 

Distribution—*‘*¥ luorokinase”’ was found in rat and pig heart as well as 
in rat and rabbit skeletal muscle extracts, the latter being a particularly 
rich source of the enzyme. The presence of the enzyme in these extracts 
was confirmed by chromatography of the radioactive fluorophosphate 
formed in assays with P-labeled ATP. Little or no ‘‘fluorokinase”’ activ- 
ity was found in extracts of lobster muscle, rabbit gastric mucosa, or rat 
liver, kidney, spleen, brain, or gastric mucosa. However, it is possible 
that the kinase may not be readily extracted from some of these tissues or 
that its presence in extracts, if in small amounts, may be masked by side 
reactions. 

Purification from Rabbit Muscle—All operations were performed at 
about 0°. 

Step 1. Extraction—The leg and back muscles of a rabbit were re- 
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moved immediately after death and minced, and 100 gm. portions were 
stirred mechanically, for 40 minutes, in 2 volumes of 0.05 m Tris buffer, 
pH 7.4, containing 0.01 m EDTA and 0.002 m cysteine. The mixture was 
squeezed by hand through eight thicknesses of cheesecloth; 180 ml. of ex- 
tract (13 mg. of protein per ml.) were obtained. 

Step 2. Ammonium Sulfate Fractionation—90 ml. of 1.0 M Tris buffer 
were added to the extracts to give a final concentration of 0.1 mM. Finely 
powdered solid ammonium sulfate was added slowly with mechanical stir- 
ring to give 0.43 saturation. The precipitate was removed by centrifuga- 
tion for 10 minutes in a Servall angle centrifuge at 10,000 r.p.m., and am- 
monium sulfate was added as above to the supernatant fluid to make the 
degree of saturation 0.6. The precipitate was collected as above and dis- 
solved in 30 ml. of 0.04 m Tris buffer, pH 7.4, containing 0.01 m GSH and 


TABLE VIII 


Purification of ‘‘Fluorokinase”’ of Rabbit Muscle 
Assay as in legend to Fig. 2 but with 150 uwmoles of potassium fluoride. 100 gm. 
of minced muscle. 


Step Volume | Units Protein | Specite | Yield 

ml. mg. per cent 

1. Extract. 180 14,400 2400 6 100 
2. (N H,)28O. fraction (0. 43-0. 60) 30 9,800 700 14 68 
3. Acetone fraction (20-30%). . 20 5,400 170 32 38 


0.01 m EDTA, and dialyzed against 100 volumes of 0.02 m Tris buffer, pH 
7.4, containing 0.002 m cysteine and 0.005 m EDTA. 
Step 3. Acetone Fractionation—The protein concentration of the di- 


- alyzed ammonium sulfate fraction was adjusted to 12 mg. per ml. by addi- 


tion of sufficient Tris buffer, pH 7.0, and EDTA to give final concentra- 
tions of 0.04 m and 0.01 M, respectively. Chilled acetone (—10°) was 
added to give a final concentration of 20 volumes per cent, the temperature 
being gradually lowered to —4°. The precipitate was removed by cen- 
trifugation at —4° to. —5° in the high speed head of the International 
centrifuge and discarded. To the supernatant fluid more acetone was 
added to a final concentration of 30 volumes per cent with further lowering 
of the temperature from —4° to —8°. The precipitate was collected by 


centrifugation as above at —8° to —10°, dissolved in 0.02 m Tris buffer, 
PH 7.4, containing 0.005 m EDTA and 0.002 M cysteine, and dialyzed over- 
night against the same buffer. When stored at —18°, the enzyme was 
stable for several weeks. 
in Table VIII. 


A summary of the purification procedure is given 
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Properties of Muscle Enzyme—As may be seen from the data in Table IX, 
obtained with rabbit muscle extract, the reaction with muscle kinase has a 
requirement for bicarbonate as does the reaction with heart enzyme. A 
small amount of fluorophosphate formed without added bicarbonate may 
be attributed to the presence of some bicarbonate in the enzyme and other 


TABLE IX 
CO. Requirement for ‘‘Fluorokinase’”’ Activity in Muscle Extract 


Conditions as in ‘‘fluorokinase”’ assay with 150 uwmoles of potassium fluoride. 
Rabbit muscle extract with 1.0 mg. of protein. In Experiments 2 and 3, air was 
substituted for CO: in the gas phase, and imidazole buffer, pH 7.3 (100 umoles), and 
either potassium sulfate (380 wmoles) or potassium chloride (380 umoles) were sub- 
stituted for potassium bicarbonate. No special precautions were taken to remove 
bicarbonate from the solutions used. 


Experiment No. Conditions Fluorophosphate formed 
pmoles 
1 KHCO; (CO: in gas phase) 2.05 
2 Imidazole buffer, K2SO, 0.25 
3 KCl 0.40 
TABLE X 


Effect of Muscle ‘‘Fluorokinase”’ on Propionyl CoA Carborylation by Heart Enzyme 


Conditions as in standard carboxylase assay. The enzymes used were pig heart 
ammonium sulfate fraction (Step 3, Table I) and rabbit muscle acetone fraction 
(Step 3, Table VIII). 


Enzyme 
CO. fixed 
Heart Muscle 
mg. protein mg. protein C.p.m. 
0 1.0 0 
0.2 0 190 
0.2 0.138 270 
0.2 0.25 510 


solutions. ‘Table X shows that, although purified muscle kinase is free of 
propionyl CoA carboxylase, its addition to a purified carboxylase prepara- 
tion from pig heart markedly stimulates the fixation of C“O. by propionyl 
CoA. 

Although all preparations of carboxylase so far obtained had “fluoro- 
kinase” activity, it appears that the two activities in heart muscle are 
catalyzed by separate enzymes. ‘Thus, whereas the ‘‘fluorokinase”’ specific 
activity of a heart preparation at Step 3 (Table 1) was 2.7 and that for 
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propionyl CoA carboxylation was 0.7, the corresponding values for a frac- 
tion obtained by adsorption on calcium phosphate gel, elution with 0.067 m 
potassium phosphate buffer, pH 6.2, and fractionation with ammonium 
sulfate between 0.50 and 0.70 per cent saturation, were 3.7 and 0.08. 


DISCUSSION 


The results reported in this and in a previous paper 4) leave little 
doubt that orthophosphate and not pyrophosphate is released from ATP 
in the enzymatic carboxylation of propionyl CoA to methylmalony] CoA. 
While pending a more complete study of its stoichiometry, the over-all 
carboxylation reaction may be provisionally formulated as in Reaction 2. 


(Mg*+) 
ADP + P + methylmalonyl CoA 


(2) ATP + CO. + propionyl CoA 


Although there appears to be no detectable reaction between ATP and 
CO, in the absence of propionyl CoA, the finding that a rapid, strictly CO:- 
dependent breakdown of ATP takes place if fluoride is added, yielding ADP 
and fluorophosphate, and the evidence that this reaction is catalyzed by 
an enzyme distinct from propionyl CoA carboxylase lends some support to 
the view (4) that “fluorokinase’” may be a carbonokinase (7.e., a CO- 
activating enzyme) which might catalyze Reaction 3. If so, propionyl 
CoA carboxylase would catalyze Reaction 4. The net result of Reactions 
3 and 4 would be Reaction 2. Alternatively, in the presence of fluoride 
the hypothetical carbonyl phosphate would undergo fluorolysis, possibly 
non-enzymatically, to fluorophosphate and CO, (Reaction 5). 


(3) ATP + CO, = ADP + [earbonyl phosphate] 
(4) (Carbonyl phosphate] + propionyl CoA = P + methylmalonyl CoA 
(5) (Carbonyl phosphate] + fluoride — CO, + fluorophosphate 

The existence of a separate CO,-activating enzyme is strongly suggested 
by the experiments of Table X, showing that the rabbit muscle kinase, by 
itself unable to bring about carboxylation of propionyl CoA, markedly 
activated this reaction when added to heart muscle carboxylase. Al- 


though there is no direct evidence for the occurrence of Reaction 3,’ such 
a reaction would not be without some analogy in the enzymatic formation 


3 Attempts have been made to synthesize carbonyl phosphate by reaction of 
AgH2PO, with COC], under anhydrous conditions. The product, which contained 
excess phosgene, did not inhibit the carboxylation of 1-C'*-propionyl CoA with heart 
enzyme, ATP, and CO:, but did not yield C'*-methylmalonyl CoA in the absence of 
ATP. It is not known whether the synthetic procedure yielded significant amounts 
of the desired carbonyl phosphate. 
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of carbamyl phosphate (13). Since there is no measurable reaction be- 
tween ATP and COQ, in the absence of either propionyl CoA or fluoride, 
one would have to assume that the equilibrium position of Reaction 3 
would lie far to the left. Moreover, carbonyl phosphate might be formed 
as a non-dissociable, enzyme-bound intermediate as is apparently the case 
with the acyl-AMP intermediates in acetate (14), pantoate (15), and amino 
acid (16-18) activation.‘ It should be stressed, however, that there is no 
direct evidence that the enzyme that catalyzes the formation of fluorophos- 
phate is the same one that activates CO, for carboxylation of propionyl 
CoA. In particular, the fact that little or no “fluorokinase”’ activity was 
detected in extracts of rat liver, kidney, and brain, which can bring about 
carboxylation of propionyl CoA, calls for caution in the interpretation of 
the available results. 

Because of the similarity of the two systems, it might be expected that 
the mechanism of CO, activation would be the same in both propionyl 
CoA and 8-hydroxyisovaleryl CoA carboxylation. However, with enzyme 
preparations from the same source as ours, namely pig heart, Coon and 
his associates (9) have reported that the carboxylation of 6-hydroxyiso- 
valeryl CoA proceeds via Reactions 6 and 7, catalyzed by a CO,-activating 
enzyme and £6-hydroxyisovaleryl CoA carboxylase, respectively. 


(6) ATP + CO: = “active CO.’’ + pyrophosphate 
(7) ‘‘Active CO,”’ + B-hydroxyisovaleryl CoA — 8-hydroxy-8-methylglutaryl CoA 


The “active CO,” in these reactions is presumed to be carbonyl-AMP, in 
analogy with the acyl-adenylate formed in the activation reactions men- 
tioned above (14-18). 

More recently Bachhawat and Coon (19), after confirming the presence 
of ‘fluorokinase”’ in the heart preparations, have reported its separation 
from an enzyme which, in the presence of ATP, COs, and hydroxylamine, 
yields pyrophosphate and AMP. The latter enzyme, but not ‘“‘fluoro- 
kinase,”’ interacts with $-hydroxyisovaleryl CoA carboxylase to yield 
CoA from ATP, COs, and 6-hydroxyisovalery! 
CoA. The results of the two laboratories thus suggest a different mech- 
anism of CO, activation for propionyl CoA and 6-hydroxyisovaleryl CoA 
carboxylation. Since the former involves carboxylation of a methylene, 
whereas the latter involves carboxylation of the methyl group, it is not 
inconceivable that different CO, activation mechanisms may be necessary. 
It remains to be seen whether Coon’s CO:2-activating enzyme fails to couple 
with propionyl CoA carboxylase. 


4 Contrary to these systems, no reaction is elicited by hydroxylamine when incu- 
bated with muscle fluorokinase, ATP, and COsz. 
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Preparations 


Monofluorophosphate was prepared by fusing sodium trimetaphosphate 
with sodium fluoride (20) and purified by recrystallization of its disilver 
salt from water (21). Preparations of sodium trimeta- and tripolyphos- 
phate were kindly supplied by Dr. G. W. E. Plaut. Sodium difluorophos- 
phate was a gift of The Ozark-Mahoning Company. Protamine sulfate 
was generously supplied by Eli Lilly and Company. Propionyl CoA was 
prepared as previously described (2). 1-C'*-Propionyl CoA (used for car- 
boxylation assays when trying the possibility of preparing synthetic “car- 
bonyl phosphate’’) was prepared through the exchange of propionate-1-C'™ 
with propionyl CoA catalyzed by the CoA transphorase of Clostridium 
kluyvert (22). Dried C. kluyveri cells were extracted by grinding with an 
equal weight of Alumina A-301 (—325 mesh, Aluminum Company of 
America) at 0° with the gradual addition of 8 volumes of 0.1 m Tris buffer, 
pH 7.5. After centrifugation, the extract was dialyzed for 24 hours at 0° 
against three changes of distilled water to remove phosphate. An amount 
of extract containing 40 mg. of protein was incubated for 40 minutes at 
30° with 80 uwmoles of propionyl CoA and 20 umoles of propionate-1-C™ 
(1 we. per umole) at pH 7.5. The mixture was then heated to 100° for 3 
minutes at pH 6.0 to destroy any propionyl phosphate that might have 
been formed, brought to pH 2 to 3, and extracted three times with 4 
volumes of ether at 0° to remove propionic acid. Based on hydroxamic 
acid determination (23) the specific radioactivity of the preparation was 
150,000 c.p.m. per ywmole. Crystalline ATP and ADP were obtained 
from the Sigma Chemical Company and CoA from the Pabst Laboratories. 
Crystalline yeast pyrophosphatase was generously provided by Dr. M. 
Kunitz. Calcium phosphate gel was prepared according to Keilin and 
Hartree (24). Dried C. kluyveri cells were kindly supplied by Dr. D. O. 
Brummond. 


SUMMARY 


1. The adenosine triphosphate-dependent carboxylation of propionyl 
coenzyme A by pig heart enzyme preparations is accompanied by a libera- 
tion of orthophosphate from adenosine triphosphate. 

2. In the absence of propionyl coenzyme A, but in the presence of fluo- 
ride, the pig heart preparations bring about a CO,.-dependent cleavage of 
adenosine triphosphate to adenosine diphosphate and monofluorophos- 
phate. Chloride, bromide, or iodide cannot be substituted for fluoride. 
The identification of monofluorophosphate and its chromatographic sepa- 
ration from orthophosphate, pyrophosphate, and difluorophosphate are 
described. 
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3. Rabbit skeletal muscle extract, unable to catalyze the carboxylation 
of propionyl coenzyme A, is a rich source of the fluorophosphate-forming 
enzyme or enzymes. Partially purified preparations of this enzyme (or 
enzymes) markedly stimulate the propionyl coenzyme A carboxylation 
activity of pig heart enzyme fractions. 

4. The COz dependence and the stoichiometry of the ‘‘fluorokinase” 
reaction suggest that fluorophosphate arises secondarily by fluorolysis of 
a “carbonyl phosphate” formed by a reaction between adenosine triphos- 
phate and CO: catalyzed by a carbonokinase. “Carbonyl phosphate” may 
react with propionyl CoA to form methylmalonyl CoA and _ orthophos- 
phate in the presence of propionyl CoA carboxylase. Such a mechanism 
is only tentative at the present time. 


We are indebted to Mr. Horace Lozina for help with the enzyme prepa- 
rations. 
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METABOLISM OF PROPIONIC ACID IN ANIMAL TISSUES 
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In Papers I and II (1, 2) evidence has been presented for the occurrence 
in animal tissues of enzymes catalyzing the reaction sequence: propionate 


propionyl CoA methylmalonyl CoA — 


succinate. Evidence for the last reaction of the sequence was based (a) 
on the enzymatic formation of C-labeled methylmalonmonohydroxamic 
acid from propionyl CoA,! ATP, and COs, on addition of hydroxylamine 
at the end of incubation, suggesting the formation of methylmalony] 
CoA, and (b) on the ATP- and CoA-dependent enzymatic isomerization 
of methyl malonate to succinate, suggesting that activation of methyl 
malonate to methylmalonyl CoA is required for this reaction. 

The present paper deals with the distribution, partial purification, and 
properties of methylmalonyl CoA isomerase and the nature of the isomeriza- 
tion reaction. There is now evidence that the isomerase catalyzes the 
reaction methylmalonyl CoA = succinyl] CoA. A preliminary report of 
some of these results has appeared (3). 


Methylmalonyl CoA Isomerase 


Assay—The assay is based on the rate of formation of succinate from 
synthetic methylmalonyl CoA. Methyl malonate does not react. The 


* Aided by grants from the National Institute of Arthritis and Metabolic Dis- 
eases (Grant A-529) of the National Institutes of Health, United States Public 
Health Service, the American Cancer Society (recommended by the Committee on 
Growth, National Research Council), the Rockefeller Foundation, and by a contract 
(N6onr279, T. O. 6) between the Office of Naval Research and New York University 
College of Medicine. 

t Established Investigator of the American Heart Association. Present address, 
Massachusetts General Hospital, Boston, Massachusetts. 

t Established Investigator of the American Heart Association. Present address, 
Enzyme Section, National Heart Institute, National Institutes of Health, Bethesda, 
Maryland. 

1 The abbreviations used are defined in Paper I (1). 
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succinic acid is extracted with ether? and determined spectrophotometri- 
cally from the cytochrome c reduced in the presence of succinoxidase, 
As will be seen later, the isomerase catalyzes the conversion of methyl- 
malonyl CoA to succiny] CoA, and, although the best enzyme preparations 
so far obtained still contain succinyl CoA deacylase (4, 5), the rate of 
conversion of succinyl CoA to succinate becomes limiting with these 
fractions. This can be avoided by incubation of the samples with alkali 
to insure conversion to succinate of any remaining succinyl CoA prior to 
analysis. 

The reaction mixtures, in 15 ml. glass-stoppered tubes, contained (in 
micromoles) potassium phosphate buffer, pH 7.4, 50; methylmalony] 


w 


35 3 


| 


uM SUCCINATE / 30 MIN. 


0 | | 
0 0.5 1.0 1.5 
mg. PROTEIN 
Fic. 1. Assay of methylmalonyl CoA isomerase. Curves 1 and 2, rate of forma- 
tion of succinate as a function of enzyme concentration without (assay (a)) and 
with (assay (b)) alkaline hydrolysis, respectively, of acy] CoA thio esters at end of in- 


cubation. Enzyme, ammonium sulfate fraction of Table II. Curve 3 (inset), stand- 
ard curve for succinate determination. 


CoA, 0.6; and enzyme (0.1 to 0.5 unit; see below). Final volume, 0.9 ml. 
After incubation with shaking for 30 minutes at 30°, the reaction was 
stopped either (a) by addition of 0.1 ml. of 4.0 n HCI or (b), for hydrolysis 
of residual succinyl CoA (and methylmalonyl CoA), by addition of 0.1 ml. 
of 1.0 Nn KOH followed, after 15 minutes at room temperature, by 0.125 ml. 
of 4.0 n HCl. Succinic acid was determined as described in the next 
section. As shown in Fig. 1 (Curves 1 and 2), the rate of formation of 
succinate was proportional to the concentration of enzyme under the 
conditions of the assay. 

1 unit of enzyme was taken as the amount catalyzing the formation of 


2 Attempts to follow succinate production directly in the electrophotometer were 
unsuccessful owing to non-enzymatic reduction of cytochrome c by free CoA. This 
was present to some extent as a contaminant of methylmalonyl CoA and was formed 
in the course of the reaction by deacylation of the product succinyl CoA. 
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1.0 umole of succinate per hour under the above conditions, and the specific 
activity is expressed as units per mg. of protein. Protein was determined 
spectrophotometrically according to Warburg and Christian (6). 

Determination of Succinate—The acidified reaction mixture was extracted 
three times in the glass-stoppered tube, each time with 6 ml. of ether. 
The combined ether extracts were dried over sodium sulfate, and the 
ether was evaporated on a steam bath. The residue was transferred to a 
spectrophotometer cell (3.0 ml., diameter = 1.0 cm.) with 1.0 ml. of 
0.067 mM phosphate buffer, pH 7.4, and 0.90 ml. of water. This was followed 
by the addition of 1.0 ml. of 5 & 10-4 m cytochrome c (0.5 uwmole)* and 
0.05 ml. of 0.06 m KCN (previously neutralized with HCl) in 0.067 m 
phosphate buffer, pH 7.4. After an initial reading of the optical density 
at 550 my, 0.05 ml. of suecinoxidase was added, and readings were taken 
until there was no further increase in optical density. This generally 
happened within 10 to 15 minutes. Readings were made against a blank 
containing 1.0 ml. of buffer, 0.95 ml. of water, 1.0 ml. of 5 X 10°‘ m cyto- 
chrome c, and 0.05 ml. of the KCN solution. Three controls were always 
run with each isomerase assay. One consisted of the complete system 
but was acidified prior to the addition of the enzyme; the other two control 
reaction mixtures contained each 0.1 and 0.3 umole of succinic acid, respec- 
tively, and 50 umoles of phosphate buffer, pH 7.4, in a final volume of 0.9 
ml. These were incubated and treated exactly as the experimental samples 
and, when assayed after ether extraction, constituted a calibration curve 
(Fig. 1, Curve 3) for the succinate determination. 

Distribution—With assay (a) above, methylmalonyl CoA isomerase was 
found in variable amounts in extracts of acetone powders of several animal 
tissues (Table 1). The extracts were prepared as described in the next 
section for sheep kidney cortex. Some of the tissues with relatively high 
isomerase activity (liver, kidney, brain) had previously been found (1) 
to convert propionate or methyl malonate to succinate. The isomerase 
activity of acetone powder extracts of mammalian heart was quite variable. 
Rat heart extracts were rich in isomerase, but sheep heart extracts had 
low and pig heart extracts negligible activity. The latter observation is in 
agreement with the previous finding (1) that methyl malonate, but no 
succinate, is formed from propionyl CoA, ATP, and CO: in pig heart 
extracts. 

It may be of interest to mention that sonic extracts of two soil organisms, 
grown by the enrichment technique on methylmalonic acid as the sole 
carbon source, contained isomerase. One of the organisms was gram- 
positive and the other gram-negative. The specific activities were 0.18 
and 0.02, respectively. 

3 Owing to incomplete extraction of succinic acid with ether, this amount of cyto- 
chrome c was sufficient for amounts of succinate up to 0.3 umole. 
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Partial Purification from Kidney Cortex—All operations were carried 
out at about 0°. Sheep kidneys, obtained and packed in ice immediately 
after death, were trimmed of fat, blood clots, and connective tissue, and 
the medullary portions were cut away and discarded. The cortex was 
minced, and acetone powder was prepared as previously described for 
pigeon liver (7). 

Step 1. Extraction—25 gm. aliquots of acetone powder were extracted 
by grinding in a mortar with 8 volumes (200 ml.) of 0.05 m Tris buffer, 
pH 8.5, containing 0.2 mM KCl. The mixture was centrifuged at top speed 
in the Servall angle centrifuge for 30 minutes, and the supernatant fluid 
was dialyzed overnight against 4 liters of 0.02 mM Tris buffer, pH 7.4. 


TABLE I 
Distribution of Isomerase 


— 


Tissue Specific activity (assay(a)) 
unil per mg. protein 

0.12 
Rabbit skeletal 0.03 

0.11 

0.02 


Step 2. Ammonium Sulfate Fractionation—The dialyzed clear, red 
brownish extract was diluted with 0.02 m Tris bulffcr, pH 8.0, to give 393 
ml. of solution containing 13 mg. of protein per ml. The solution was 
made 0.55 saturated with ammonium sulfate by the gradual addition, with 
mechanical stirring, of 480 ml. of saturated ammonium sulfate adjusted 
to pH 8.0. The precipitate was removed by centrifugation at 1800 * g 
for 30 minutes and discarded, and the supernatant solution (795 ml.) 
was made 0.75 saturated with ammonium sulfate by the further addition 
of 636 ml. of saturated ammonium sulfate. The red precipitate, collected 
by centrifugation as above, was dissolved in 70 ml. of 0.02 m Tris buffer, 
pH 7.4, and dialyzed overnight against 4 liters of the same buffer. 

Step 3. Acetone Fractionation—The solution from the previous step 
(80 ml.) was diluted with 9.1 ml. of 1.0 m potassium phosphate buffer, 
pH 7.0, and 138 ml. of water to give a protein concentration of 6.0 to 7.0 
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mg. per ml. and 0.04 m phosphate. Chilled acetone (—10°) was added, 
with mechanical stirring and gradual lowering of the temperature to — 5°, 
to a concentration of 25 volumes per cent. The precipitate was removed 
by centrifugation at 12,000 X g and —6°, and to the supernatant fluid 
further acetone was added as above to make a total of 40 volumes per cent, 
with gradual lowering of the temperature to —10°. The precipitate was 
collected by centrifugation as above at — 12°, dissolved in a small volume 
of 0.1 m Tris buffer, pH 7.4, and dialyzed for 6 hours against 4 liters of 


TaBLe Il 
Partial Purification of Isomerase from Sheep Kidney Cortez 


Isomerase assay (a) without and assay (b) with alkaline hydrolysis of acyl CoA 
thio esters at end of incubation; units as defined in the text. Succinyl CoA deacyl- 
ase assay based on liberation of —SH. For the deacylase assay the reaction mix- 
tures contained (in micromoles) Tris buffer, pH 7.0, 100; succinyl CoA, 0.5; and en- 
zyme with 0.5 to 2.0 mg. of protein. Final volume, 1.0 ml. Incubation, 15 minutes 
at 30°. Reaction terminated with 0.1 ml. of 20 per cent trichloroacetic acid. After 
centrifugation, 0.9 ml. of the clear supernatant fluid was used for —SH determination 
by the method of Grunert and Phillips (8). 1 unit is defined as the amount of enzyme 
catalyzing the hydrolysis of 1.0 umole of succinyl! CoA per hour under the above con- 
ditions. 25 gm. of acetone powder. 


Isomerase units Isomerase 
Step Vol- Pro- specific yield, 
ume tein assay (b) fic 
Assay (a)|Assay (b)| (0) Units 
ml. | mg. | Per cen! 
1. Acetone pow- 
der extract..| 140 | 5100 | 562 592 0.11 100 3120 | 0.62 
2. (NH,4)2S80, 
(0.55-0.75)...| 80 | 1450 | 354 524 0.36 90 410 | 0.28 
3. Acetone (25- 
25 447 | 200 324 0.72 55 82 | 0.18 


0.02 m Tris buffer of the same pH. Table II illustrates the results of a 
typical fractionation. 

Requirements of Reaction—It had previously been reported (1) that the 
enzymatic conversion of methyl malonate to succinate required the pres- 
ence of both ATP and CoA. The conclusion that these nucleotides were 
needed for activation of methyl malonate to methylmalonyl CoA, and 
that the latter compound was the one actually converted to succinate, 
was borne out by the finding (3) that synthetic methylmalonyl CoA was 
enzymatically converted to succinate in the absence of added ATP, even 
after treatment of the enzyme (dialyzed acetone powder extract of rat 
liver) with charcoal or Dowex 1 to remove nucleotides. As described in a 


} } } 
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preceding section, synthetic methylmalony] CoA is the substrate now used 
for assay of the isomerase. 

The experiments of Table III show that addition of ATP is without 
effect on the formation of succinate from methylmalonyl CoA and provide 
additional evidence that both ATP and CoA are required for succinate 
formation from methyl malonate. Apparently, the enzyme responsible 
for the methyl malonate activation is limiting even in crude extracts 
(Experiment 1), since the rate of formation of succinate was much faster 


TaBLeE III 
Requirements for Methylmalonyl CoA Isomerization 

The samples contained 50 wmoles of potassium phosphate buffer, pH 7.4, with 
other additions as indicated, in a final volume of 0.9 ml. Incubation, 30 minutes 
at 30°. In Experiment 1, the enzyme was a rat liver acetone powder extract (spe- 
cific activity 0.06, assay (a)), and succinate was determined without prior hydrolysis 
of acyl CoA thio esters (assay (a)). In Experiment 2, the enzyme was the ammo- 
nium sulfate fraction of sheep kidney cortex (specific activity 0.31, assay (b)), and 
succinate was determined after hydrolysis of acyl CoA thio esters (assay (b)). 


Additions 
| MgCle | Methylmal} Methyl | arp | Coa 
mg. protein pmoles umole pmoles pmoles umole pmole 
1 2.1 0.53 0.060 
2.1 5.0 0.53 5.0 0.058 
4.2 0.21 0.058 
4.2 0.53 0.110 
8.4 5.0 0.5 0.5 0 
8.4 5.0 0.5 5.0 0.5 0.010 
8.4 5.0 10.0 5.0 0.5 0.011 
2 1.6 0.60 0.249 
1.6 5.0 0.60 0.248 
1.6 10.0 0.5 0 
1.6 5.0 10.0 5.0 0.5 0.006 


from methylmalonyl CoA than from methyl malonate, ATP, and CoA. 
The discrepancy was even greater with the ammonium sulfate fraction of 
kidney cortex (Experiment 2). Table III (Experiment 2) also shows that 
addition of Mg++ was without effect on the conversion of methylmalonyl 
CoA to succinate. To date, with methylmalonyl CoA as substrate, it 
has not been possible to show any dependence of the reaction on metal 
ions or cofactors. 

Nature of Reaction—The fact, already noted in connection with the 
isomerase assay, that the yields of succinate are increased by alkaline 
hydrolysis of acyl CoA thio esters prior to the succinate determination 
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suggested that methylmalonyl CoA is first converted to succinyl CoA. 
As shown in Table Il, the discrepancy in the yield of isomerase units 
between assays (a) and (b) (7.e., without and with alkaline hydrolysis, 
respectively) increased in favor of the latter assay with increasing purifica- 
tion of the isomerase. ‘This is in line with the fact, also shown in Table II, 
that purification of the isomerase was accompanied by partial removal of 
succinyl CoA deacylase. ITurther experiments provided evidence that 
methylmalonyl CoA isomerase catalyzes the reversible conversion of 
methylmalonyl CoA to succinyl CoA. 

Formation of Succinyl CoA from Methylmalonyl CoA—Synthetic methyl- 
malonyl CoA labeled with C™ in the methyl group of its methylmalonyl 
moiety was incubated with purified isomerase, and the acyl CoA thio 
esters were then converted to the corresponding acid amides by addition 
of concentrated ammonia. Preliminary trials indicated that, under these 
conditions (final NH,OH concentration, 2.0 N), succinamic acid was formed 
in good yield from succinyl CoA. The products were separated by paper 
chromatography, the spots were eluted, and their radioactivity was deter- 
mined. Appropriate controls, either with no isomerase or with labeled 
methylmalonyl CoA previously hydrolyzed with alkali instead of intact 
methylmalonyl CoA, were run simultaneously. Other controls were 
run with succinate-2-C™ alone in place of labeled methylmalonyl CoA 
and succinate-2-C" plus unlabeled methylmalonyl CoA. 

The composition of the reaction mixtures and incubation conditions are 
given in the legend to Table IV (Experiments la and Ic). After incubation 
in stoppered 50 ml. centrifuge tubes, 0.25 ml. of concentrated NH,OH 
was added to each tube, and the mixtures were allowed to stand at room 
temperature for 30 minutes. The pH was then adjusted to 4.5 with 4.0 
nN HCl. 35 ml. of warm acetone were then added, and the precipitated 
protein and salts were removed by centrifugation. The precipitate was 
resuspended in 35 ml. of acetone, and the mixture was recentrifuged. 
The acetone supernatant fractions were combined and evaporated to dry- 
ness on a steam bath. The residues were dissolved in 0.3 ml. of 50 per 
cent ethanol, and 0.1 ml. aliquots were spotted on Whatman No. 1 filter 
paper, developed for 14 hours by descending chromatography in ethanol- 
water-concentrated NH,OH (80:15:5) (9), and the spots were located by 
spraying with 0.5 per cent alcoholic brom cresol green. The Ry values 
relative to succinic acid ((R» of compound)/(Re of succinic acid)) of the 
authentic compounds used as markers were as follows: methylmalonamic 
acid, 0.50; methylmaloniec acid, 0.75; succinic acid, 1.00; and succinamic 
acid, 1.65. The experimental spots were cut out and eluted with water, 
and the eluates were placed on stainless steel planchets and counted with 
an end window Geiger-Miiller counter. It may be seen (Table IV, Experi- 
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ment 1) that the complete sample with methylmalonyl CoA as substrate 
gave the largest yield of succinamic acid. The small amount of labeled 
succinamic acid formed in Experiment lc is presumably due to a contam- 
inating enzyme catalyzing either the conversion of succinate to succinyl 


TABLE IV 
Evidence for Reaction Methylmalonyl CoA =~ Succinyl CoA 


The reaction mixtures contained (in micromoles) in Experiment 1, potassium 
phosphate buffer, pH 7.4, 100; enzyme (acetone fraction, specific activity 0.56, as- 
say (a)) with 2.0 mg. of protein; and (experiment la) methylmalonyl CoA labeled 
with C'* in the methyl group of the methylmalonyl moiety (18,600 ¢.p.m.), 2.4, or 
succinate-2-C!# (14,200 ¢.p.m.), 1.2, alone (Experiment Ib) or with unlabeled meth- 
ylmalonyl CoA, 1.2 (Experiment Ic). Final volume, 1.7 ml. In-Experiment 2 
(amounts in micromoles), potassium phosphate buffer, pH 7.4, 50; enzyme (acetone 
fraction, specific activity 0.48, assay (a)) with 3.2 mg. of protein; and succinyl] CoA 
labeled with C'* in the methylene groups of the succinyl moiety (8800 ¢.p.m.), 10. 
Final volume, 0.9 ml. After incubation for 30 minutes at 30°, the acyl CoA thio 
esters in Experiment 1 were converted to the corresponding acid amides with am- 
monium hydroxide, while in Experiment 2 they were hydrolyzed with potassium 
hydroxide to yield the free acids. The products were then separated by paper 
chromatography, and the radioactive spots were eluted and counted. The experi- 
mental procedures are described in detail in the text. 

| | Radioactivity of products 


Experi- Total radio- 
ment C'4-Labeled substrate activity 
No. | “Succinamic | Succinic | Methylma- | Methylma- recovered 
| | acid _lonamic acid lonic acid 
| | ¢.p.m. | | C.p.m. | | c.p.m. 
la IMethylmatony! CoA | 440 1700 | 2820 1800 6760 
“ 0 0 | 46440 6680 
Methyl malonatet | ee 0 | 80 | 6400 6480 
lb (Succinate | 0 | 6250 | 0 6250 
le 68 6400 | 0 6468 
2  Suecinyl CoA | 68 4068 
| 3980 | 70 4050 
Succinatet | 4420 | 10 4430 


* No enzyme present. 

+ CoA derivative was used but was previously hydrolyzed in 0.1 ~ KOH for 15 
minutes at room temperature and neutralized. 

¢ 1.2 wmoles of unlabeled methylmalony! CoA also present. 


CoA or the transfer of CoA from methylmalonyl CoA to succinate. These 
results suggest that succinyl CoA is formed first and converted to suec- 
cinate subsequently. Further evidence that the immediate product of 
isomerization of methylmalonyl CoA is succinyl CoA has been obtained in 
experiments with a multienzyme system.‘ 


Beck, W.8., and Ochoa, 8., unpublished. 
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Further identification of the succinamic acid was obtained (in duplicate 
reaction mixtures) by Hofmann degradation (10) to yield 8-alanine accord- 
ing to the reaction 


CONH:2 

CH: 

| + Br, +40H- — | + CO;" + 2Br- + 2H20 

COOH COOH 


The degradation was carried out as follows: The aqueous residue from the 
combined acetone extracts derived from an experiment similar to the 
complete sample in Experiment la (Table IV) was transferred to a small 
test tube and dried under a vacuum. 20 umoles of dry succinamic acid 
were added. A 0.5 ml. aliquot of a solution of sodium hypobromite, 
freshly prepared by dissolving 0.06 ml. of bromine and 0.24 gm. of NaOH 
in 40 ml. of water, was added. The degradation mixture was heated in a 
bath at 75° for 40 minutes and then adjusted to pH 6.0 with 4 n HCl. 
When an aliquot of the reaction mixture was assayed with ninhydrin 
buffered at pH 5.4, by using a @-alanine standard, the amount of newly 
formed ninhydrin-reacting material indicated that the degradation had 
proceeded to the extent of 80 per cent, assuming for this calculation that 
the amount of initial succinamic acid was only that added as carrier. 
The products were separated by ascending chromatography on Whatman 
No. 1 paper in a solvent system consisting of methyl ethyl ketone-propionic 
acid-water (75:25:30) (11) which gives good separation of 6-alanine from 
a-alanine, the degradation product of methylmalonamic acid. This 
revealed the presence of a radioactive spot corresponding to §-alanine 
(Rp 0.55). 

Formation of Methyl Malonate from Succinyl CoA—Synthetie succinyl 
CoA labeled with C"“ in the methylene groups of its succinyl moiety was 
incubated with purified isomerase, the acyl CoA thio esters were hydrolyzed 
with alkali, and the products were separated by paper chromatography. 
Autoradiograms revealed the presence of radioactive methylmalonic acid 
along with succinic acid. The spots were then eluted, and their radio- 
activity was determined. The results, presented in Table IV (Experiment 
2), show that a small but significant amount of labeled methyl malonate 
was formed from C''-labeled succinyl CoA and that no significant formation 
of labeled methyl malonate occurred when alkali-hydrolyzed succinyl 
CoA was used as substrate. 

The composition of the reaction mixtures and incubation conditions 
are given in the legend to Table IV. After incubation, the samples were 
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treated with 0.1 ml. of 1.0 n KOH and allowed to stand for 15 minutes at 
room temperature, and the reaction was then adjusted to pH 2.0 with 70 
per cent perchloric acid. The precipitated protein and potassium per- 
chlorate were removed by centrifugation, and the supernatant solution was 
extracted three times, each time with 6 ml. of ether. The ether was evap- 
orated. The residue was dissolved in a little water and applied on What- 
man No. 1 paper for ascending chromatography in the isoamyl] alcohol- 
formic acid solvent system (1). 
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Fic. 2. Properties of methylmalonyl CoA isomerase. A, pH-activity curve. As- 
say (6), enzyme, ammonium sulfate fraction (specific activity 0.36, assay (b)) with 
1.6 mg. of protein. The pH values, determined at the end of incubation with the 
glass electrode, and the buffers used (each 50 wmoles) were, respectively, as follows: 
5.10 (acetic acid-potassium acetate) ; 6.52, 7.40, and 7.54 (potassium phosphate) ; 7.90, 
8.57, and 9.00 (Tris). B, reaction rate as a function of substrate concentration. 
Conditions of assay (b), enzyme, as in A. Approximate K,,, 0.2 X 10-3 m methy!l- 
malonyl CoA. C, formation of succinate as a function of time. Conditions of as- 
say (a), enzyme, acetone fraction (specific activity 0.56, assay (a)) with 0.78 mg. of 
protein. 


Properties of Enzyme—The pH-dependence of the isomerase reaction 
between the limits of pH 5.0 and 9.0 is shown in Fig. 2, A. The optimum 
was around pH 7.0. 

Fig. 2, B shows the effect of the concentration of methylmalonyl CoA 
on the reaction rate. Maximal activity was reached between 0.6 and 0.8 X 
10-* m methylmalonyl CoA with a marked drop at higher concentrations. 
Whether this drop reflects a property of the enzyme or is due to impurities 
in the substrate cannot be decided at present. From the data in Fig. 2, B 
the concentration of methylmalonyl CoA giving half maximal activity was 
about 0.2 K M. 

The time-course of the reaction is shown in Fig. 2, C. With 0.6 umole 
of methylmalonyl CoA per ml., under the conditions of assay (a), the 
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reaction rate was constant until about 0.22 umole of succinate was pro- 
duced and dropped rapidly thereafter. In other experiments with varying 
initial concentrations of methylmalonyl CoA, by utilizing ass@y (6), it 
was found that the reaction stopped when about half of the methylmalonyl 
CoA had been consumed. Evidence has been presented for the reversi- 
bility of the isomerase reaction, but, since the enzyme is contaminated 
with succinyl CoA deacylase, one would expect the reaction to proceed to 
completion, 2.e. until all of the methylmalonyl CoA is converted to suc- 
cinate. Since methylmalonyl (mono) CoA contains an asymmetric carbon, 


TABLE V 


Conversion of Propionyl CoA to Succinate 


Samples contained (in micromoles) imidazole buffer, pH 7.0, 100; glutathione, 
5, MgCl. , 4; ATP, 4; propiony] CoA, 1; KHCO;, 30; and enzyme fractions as indi- 
cated. Final volume, 1.5 ml. Gas phase, air. Incubation, 30 minutes at 30°. 
Succinate determined as described under isomerase assay without prior hydrolysis 
of acyl CoA thio esters. The (isomerase-free) propionyl CoA carboxylase was a pig 
heart protamine eluate fraction, originally of specific activity 2.5 (2). The car- 
boxylase activity of this fraction had decreased about 50 per cent on keeping and 
was low relative to its ‘‘fluorokinase”’ activity. The isomerase was the kidney cor- 
tex acetone fraction of Table II and was essentially free of carboxylase (carboxylase 
specific activity of this fraction <0.001). 


Carboxylase Isomerase Succinate formed 
mg. protein mg. protein umole 
0.2* 3.4 0 
0.2 3.4* 0 
0.2 3.4 0.11 


* Boiled enzyme. 


it is possible that the synthetic compound is a racemic mixture and that 
only one of the two stereoisomers is attacked by the isomerase. 

Conversion of Propionyl CoA to Succinate—Kidney cortex isomerase 
acetone fractions are free of propionyl CoA carboxylase and by themselves 
form no succinate from propionyl CoA, ATP, and CO:. The same is 
true of purified pig heart carboxylase preparations which contain no isomer- 
ase. A typical experiment, shown in Table V, documents the above state- 
ments and shows formation of succinate on combination of the two enzyme 


fractions. 


DISCUSSION 


The results presented in this paper provide some support for the view 
that methylmalonyl CoA isomerase catalyzes the reversible conversion of 
methylmalonyl CoA to succinyl CoA. Since the best preparations of 
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isomerase thus far obtained still contain succinyl CoA deacylase, the 
favored direction of the reaction is not yet known. Determinations of 
the equitibrium constant will have to await further purification of the 
enzyme. Of considerable interest is the mechanism of the isomerization. 
Experiments at present in progress‘ suggest a transcarboxylation involving 
the transfer of the carboxyl group from methylmalonyl CoA or succinyl 
CoA to propionyl CoA 


(1) Methylmalonyl CoA + propiony!l CoA = _ propionyl CoA + suecinyl CoA 


This is supported by the fact that incubation of isomerase with propionyl 
CoA labeled with C"™ in the propionyl moiety and either unlabeled methyl- 
malonyl CoA or succinyl CoA yielded labeled succinyl CoA and methyl- 
malonyl CoA, whereas no labeled products were obtained in similar experi- 
ments with unlabeled methylmalonyl CoA or succinyl CoA omitted or 
with unlabeled propiony] CoA in the presence of highly labeled C'™-biear- 
hbonate. 


Preparations 


Methylmalonyl CoA—Methylmalonyl CoA was prepared synthetically 
by the mixed anhydride method (12). The mixed anhydride of methyl- 
malonic and ethylchlorocarbonic acids was prepared as follows: 118 mg. 
of dry methylmalonic acid were added to a small test tube containing 
1.2 ml. of tetrahydrofuran which had been redistilled within the preceding 
hour and collected over sodium. The tube was immediately stoppered, 
and, after allowing the methylmalonic acid to dissolve, the tube was 
placed in an ice-salt bath at —5°, supported by a clamp attached to a 
vibrating motor. While the tube was agitated, 0.081 ml. of anhydrous 
pyridine was added, followed by 0.094 ml. of ethyl chlorocarbonate. The 
tube was immediately stoppered and centrifuged at —5° for 2 to 3 minutes 
at 7000 X g. The clear supernatant solution containing the mixed anhy- 
dride (yield 20 to 30 per cent as determined by the hydroxylamine assay 
(13)) was decanted into a dry tube which was immediately stoppered and 
chilled. Strict anhydrous conditions throughout were essential for this 
preparation. 

An aliquot of the tetrahydrofuran solution containing 37.5 umoles of 
the mixed anhydride was added to an ice-cold test tube containing 30 
umoles of CoA, 60 mg. of potassium bicarbonate, and 3.0 ml. of water. 
After shaking the mixture in the cold for 5 minutes, it was allowed to 
stand at room temperature for 10 minutes. The completeness of the 
reaction was determined by the disappearance of sulfhydryl groups (8). 
The product, which contained 18 to 24 uwmoles of methylmalonyl CoA by 
the hydroxylamine assay, could be stored at pH 6.0 for 7 to 10 days at 
— 18°. 
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Other Compounds—Succiny1] CoA and propionyl CoA were prepared from 
succinic and propionic anhydride by the method of Simon and Shemin (14). 
Succinamic acid was synthesized according to Pressman eé al. (15); the 
product melted at 156° (uncorrected). Methylmalonamic acid was 
prepared by ammoniolysis of synthetic methylmalonyl CoA. Cytochrome 
cand ATP were obtained from the Sigma Chemical Company; CoA from 
the Pabst Laboratories. 

Labeled Compounds—Methylmalony! CoA labeled with C™ in the methyl 
group of its methylmalonyl moiety was prepared by the mixed anhydride 
method (12) from methyl-labeled C''-methylmalonic acid. The prepara- 
tion of the latter compound has been described (1). Suecinie acid-2-C™ 
was obtained from the Research Specialties Company, Berkeley, California. 
This compound was used for the preparation of C'-labeled succinyl CoA 
by the mixed anhydride method (12). 

Succinoxidase—The preparation of succinoxidase used was the iso- 
electric precipitate obtained in the second step of the purification of “SC 
factor” from pig heart as described by Clark et al. (16). The precipitate 
obtained from a quarter scale preparation was suspended in 100 ml. of 
0.067 M potassium phosphate buffer, pH 7.4, and dialyzed overnight against 
6 liters of the same buffer. Stored at 2°, the preparation retained activity 
for several months. 


SUMMARY 


The last two steps in the enzymatic conversion of propionate to succinate 
in animal tissues are the isomerization of methylmalonyl coenzyme A 
(CoA) to succinyl CoA and the conversion of the latter to succinate. 
Methylmalonyl CoA isomerase has been partially purified from sheep kid- 
ney cortex and shown to catalyze the reversible reaction methylmalonyl 
CoA = succinyl CoA. The reaction appears to have no metal or cofactor 
requirements. Some properties of the enzyme are described, and the 
reaction mechanism is discussed. 
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THE BIOSYNTHESIS OF ISOLEUCINE AND VALINE 


IV. ACCUMULATION OF CITRAMALIC AND a,sp-DIMETHYLMALIC 
ACIDS BY A NEUROSPORA MUTANT* 


By CLYDE D. WILLSONt anp EDWARD A. ADELBERG 


(From the Department of Bacteriology, University of California, 
Berkeley, California) 


(Received for publication, July 22, 1957) 


Papers I to III of this series were concerned with the enzyme system 
dehydrating the dihydroxy acid precursors to the keto acid precursors 
of isoleucine and valine (1), the independence of the biosynthetic pathways 
in Neurospora crassa (2), and the fate of the carbon atoms of threonine in 
the biosynthesis of isoleucine (3). The present paper presents evidence 
concerning early steps in the two pathways. 

Neurospora mutant 7110 requires both isoleucine and valine for growth. 
The corresponding keto acids can substitute for the amino acids, but the 
dihydroxy acids cannot. However, this strain does not accumulate the 
dihydroxy acids which are found in the filtrate of the nutritionally similar 
strain 16117, but, instead, accumulates at least thirteen different organic 
acids, as demonstrated by paper and ion exchange chromatography. This 
accumulation pattern resembles closely that of an isoleucine-valine-deficient 
mutant of Escherichia coli which can use the dihydroxy acids for growth, 
suggesting that strain 7110 is blocked before the dihydroxy acid stage. 
The mutant genetic locus in this strain is located on a different chromosome 
from that which bears the loci concerned with dehydrase activity.! 

Of the numerous acids accumulated by this mutant, only two were 
produced in high enough concentration to permit isolation on a significant 
scale. According to our fractionation scheme, these acids were designated 
Kg and Kg, respectively. Compound Kgs has now been identified as a,8- 
dimethylmalic acid and Kg as citramalic acid. 


COOH COOH CH; 
CH;—-C—-CH.—COOH CH—COOH 
OH OH 
Citramalic acid a,8-Dimethylmalic acid 


* This work was supported in part by a contract with the Office of Naval Research 
and in part by a grant from the National Science Foundation. 

t Present address, Department of Chemistry and Chemical Engineering, Univer- 
sity of California, Berkeley, California. 

1 Adelberg, E. A., unpublished data. 
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In the following sections are presented the experimental evidence for 
these structures and a discussion of their significance in isoleucine and 
valine biosynthesis. 


Materials and Methods 


Growth of Cultures—N. crassa strain 7110 was inoculated into 10 liters 
of sterile minimal medium (4), ammonium tartrate (which interferes with 
later separation of accumulated acids) being omitted, and supplemented 
with 4.8 gm. of pi-isoleucine, 3.6 gm. of pL-valine, and 100 gm. of sucrose, 
The pH of the unbuffered medium was adjusted to 5.5 to 6.0 daily with 
sterile sodium hydroxide solution. ‘The medium was continuously aerated 
by gassing with sterile compressed air; incubation was carried out at 30° 
for 8 days, following which the mycelium was removed by filtration. 

Extraction of Acids—The filtrate from a 10 liter culture was concentrated 
by distillation under reduced pressure to 1 liter and adjusted to pH 1 
with concentrated HCl. The acidified concentrate was extracted con- 


tinuously with ether for 48 hours, a period which was shown by paper - 


chromatography to give complete extraction of all organic acids. 1 liter 
of distilled water was then added to the ether extract, and the solvent 
ether was evaporated on the steam bath. The final aqueous acid solution, 
containing 161 m.eq. of organic acids, was stored in the frozen state. 

Separation of Acids—-Some preliminary separations were achieved by 
means of ion exchange chromatography. The best results were obtained 
with Dowex 1 (X8) in the formate form, by eluting with an aqueous solu- 
tion of formic acid at pH 1.9. However, the extensive drying under a 
vacuum necessary to remove the last traces of formic acid from the resulting 
fractions caused esterification of the hydroxy acids to take place; attempts 
were therefore made to work with columns of Dowex 1 or Dowex 2 in the 
sulfate form, by eluting with sulfuric acid of constantly increasing strength. 
We were unable to separate the thirteen or more organic acids into pure 
fractions on a sufficient scale with this system, in spite of extensive experi- 
mentation with length to width ratio of the column, percentage cross- 
linkage of the resin, flow rate, and shape of the pH gradient. It was 
therefore decided to resort to the more tedious method of chromatography 
on paper sheets for separation of compounds Ks and Kg. 

For this purpose aliquots of the mixed acid solution were streaked 1 
inch from the bottom of sheets of Whatman No. 1 filter paper and chromato- 
graphed by the ascending technique by using the ether-benzene-formic 
acid mixture of Adelberg (5). After development, strips cut from each 
end were sprayed with brom thymol blue, 0.15 per cent (w/v), in 95 per 
cent ethanol and used as guides to cut unsprayed strips bearing Kgs and 
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K, from each chromatogram. These strips either were eluted by descend- 
ing capillary flow of water (5), the acids then being reextracted into ether, 
or were shredded and extracted in a Soxhlet extractor with dry acetone. 

Paper Chromatography—F or routine detection of acids and for the separa- 
tion of compounds Kg and Ky for analysis, the method of Adelberg (5) 
was used. As an analytical tool, the spray system of Cifonelli and Smith 
(6) was found extremely useful, as a wide variety of colors and fluorescent 
behaviors are presented by different classes of organic acids. This system, 
which involves spraying with solutions of benzidine and metaperiodate 
separately, can be modified with respect to pH of the benzidine solution 
and the order of spraying so that many closely related acids can be distin- 
guished on the basis of their response. The results of such experiments 
will be published elsewhere. In the present instance, the brilliant blue 
color exhibited by compounds Kg and Kg with this spray was an aid in their 
comparison with various synthetic acids. 

Physical Measurements—Titrations of the organic acids were performed 
on a Beckman automatic pH meter, which was made available to us through 
the courtesy of Dr. J. B. Neilands of the Department of Biochemistry. 
All melting points were taken in evacuated melting point tubes and are 
uncorrected. Elementary analyses were performed by the microanalytical 
laboratory of the Department of Chemistry and Chemical Engineering. 
Infrared spectra of the organic acids were taken in potassium bromide 
pellets on a Baird Associates infrared spectrophotometer, model AB2, 
made available to us by the Department of Chemistry and Chemical Engi- 
neering. 


EXPERIMENTAL 


Characterization of Ky As Citramalic Acid —When the ether or acetone 
solutions of Ky were evaporated to dryness, a crude crystalline product 
was obtained. Recrystallization from dry methanol yielded white crystals, 
m.p. 111-113°. 

Dropwise addition of a solution of cyclohexylamine in dry ether to a 
solution of Ko in dry ether resulted in a precipitation of the white dicyclo- 
hexylamine salt, m.p. 160—-163° (with decomposition). Ky could be re- 
generated from an acidified aqueous solution of the salt by extraction with 
ether and evaporation of the solvent; the resulting crystalline acid was 
identical with the originally isolated Kg in all physical properties. 

Titration showed two acid pK values at pH 3.5 and 5.3. Coupled with 
the elementary analyses of the free acid and of the dicyclohexylamine 
salt (Table I), the data suggested a 5-carbon monohydroxy dicarboxylic 
acid structure. The pI< values indicated a substituted succinic acid rather 
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than a derivative of glutaric or malonic acid; in fact, they are close to the 
published values for malic acid, pK 3.41 and 5.13.2 For these reasons, and 
because citramalic acid is chemically related to a hypothetical intermediate 
in valine biosynthesis (see under ‘“‘Discussion”’), Kg was compared with a 
recrystallized sample of commercial pL-citramalic acid. The two com- 
pounds were found identical with respect to infrared absorption spectra, 
titration curves, chromatographic behaviors (including color reactions with 
the benzidine-periodate sprays), elementary analyses, and melting points 
of the free acids and dicyclohexylamine salts. Mixed melting points 
showed no depression. These data, summarized in Table I, establish the 
identity of Ky as citramalic acid. 


TABLE 
Comparison of Ky with Citramalic Acid 
Rr in sol- Elementary analysis 
Compound pKa! | pKa? Addlborg M.p. Mixed m.p. 
(5)* Cc H N 
per cent cent | per cent 
Ky.................] 3.5] 5.310.45-0.46] 40.56] 5.42 111-113\ | 
o depres- 
Citramalic acid.....| 3.5 5.3:0.45-0.46) 40.54) 5.44 112-114 
sion 
Kg, dicyclohexy!]- 
amine salt........ 58.89, 9.87 | 8.09 | 160-163T 
Citramalic acid, di- 
cyclohexylamine 
58.93 9.89 | 8.08 | 159-164f 


* Bibliographic reference No. 
t With decomposition. 


Characterization of Ky As a,8-Dimethylmalic Acid—Evaporation of 
ether or acetone solutions of Ks and recrystallization of the residues from 
dry methanol yielded white crystals, m.p. 143-144°. However, a solution 
of Ks in ether gave no precipitate with cyclohexylamine, and evaporation 
of the mixed solutions resulted in an oily residue. A diquinine hydrate 
salt was successfully prepared, but proved too heavy for accurate elemen- 
tary analysis; moreover, the number of waters of crystallization was not 
constant in various preparations, and extensive drying did not result in 
an invariant analysis. Ks was therefore handled exclusively as the free 
acid; exhaustive drying to a constant elementary analysis was carried out 
with the results shown in Table II. 

Titration of Ks showed two acid pK values at 3.2 and 5.6. Together 
with the elementary analysis, these data suggested a 6-carbon monohydroxy 


2 International Critical Tables. 
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dicarboxylic acid structure. Although twenty-eight possible structural 
isomers exist, theoretical considerations (see under ‘‘Discussion’’) led us to 
compare Kg with a,6-dimethylmalic acid. This structure would also be 
compatible with the pK values, which again indicated a substituted suc- 
cinic acid rather than a derivative of glutaric, malonic, or adipic acid. 

The desired acid was first prepared in 65 per cent yield by the method of 
Michael and Tissot (7), giving slightly yellow crystals which could be 
recrystallized from ethyl acetate or acetone to give white crystals, m.p. 
144-146° (reported m.p. 143°). Elementary analysis gave C 44.46, H 
6.25; theoretical, C 44.44, H 6.22 per cent. 

Another method of synthesis, previously untried, was suggested to us 
by Dr. Henry Rapoport of the Department of Chemistry. 20 gm. of 
a-acetylpropionitrile were prepared by the method of Mohr (8) (b.p. 
70-80° at 24 mm.). This was treated with an excess of a saturated aqueous 


TABLE II 
_ Comparison of Ks with a,8-Dimethylmalic Acid 
| “analysis” 
Compound pKa! | pKa? Adelberg M.p. Mixed m.p. 

c | H 

per cent | per cent 
Kg... 8.2] 5.6/0.72-0.73| 44.40) 6.20 |143-144\| No depres- 

a,8-Dimethylmalic acid. ....| 3.2; 5.60.72-0.73 44.46 6.25 |144-146{| sion 


* Bibliographic reference No. 


solution of sodium bisulfite at room temperature. Addition was essentially 
complete only after 3 to 4 weeks. (The slow rate of addition is presumably 
due to the low keto-enol ratio.) The bisulfite addition product was then 
filtered and washed with a little cold water on a Biichner funnel. The 
dried product was then converted to the cyanohydrin in 85 to 90 per cent 
yield by treatment with an excess of ice-cold aqueous sodium cyanide 
solution for 3 hours. The oily yellow cyanohydrin was extracted with 
ether, and the extract was evaporated; the product was not further purified, 
but was converted to the diacid by refluxing overnight in a 600 mole per 
cent excess of 6 N HCl. The resulting solution was shaken several times 
with ether, and the ether extract was evaporated to give 18 gm. of slightly 
yellow crystals, which were recrystallized from acetone, yielding white 
needles, m.p. 144—145°; elementary analysis showed C 44.46, H 6.25 per 
cent. 

Compound Ks was found identical to synthetic a,8-dimethylmalic acid 
with respect to infrared absorption spectra, titration curves, chromato- 
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graphic behaviors (including color reactions with the benzidine-periodate 
sprays), elementary analyses, and melting points. Mixed melting points 
showed no depression. These data, summarized in Table II, establish the 
identity of Kg as a, 6-dimethylmalic acid. 


DISCUSSION 


The work of Strassman et al. (9) has clearly shown that the valine carbon 
skeleton arises by a condensation of 2 molecules of pyruvic acid, either 
preceded or followed by a decarboxylation. These authors proposed that 
acetaldehyde condenses with the a-carbon of pyruvate, forming acetolactic 
acid. Adelberg, on the other hand, postulated (10) that an equally likely 
reaction would be a condensation of 2 molecules of pyruvate, in which case 
the product would be y-hydroxy-y-methyl-a-ketoglutaric acid (HMKG); 


COOH COOH 
O O OH O 
(HMKG) 


HMKG has recently been isolated from plant tissue along with its aminated 
product, y-hydroxy-y-methylglutamic acid (11). HMKG has also been 
prepared chemically by dimerization of pyruvic acid and shown to trans- 
aminate with glutamine (12). 

It occurred to us that, if HMKG were accumulated by a Neurospora 
mutant, it might be enzymatically attacked and excreted in altered form, 
as in the case of protocatechuic acid excretion by the Neurospora mutant 
blocked after formation of dehydroshikimic acid (13). In the present 
case, an oxidative decarboxylation of HMKG would explain the observed 
excretion of citramalic acid. To test this theory, a sample of HMKG 
was obtained through the generosity of Dr. Alton Meister of Tufts Univer- 
sity School of Medicine and incubated aerobically with a mycelial homog- 
enate of strain 7110.4 A control vessel without HMKG was included, 
and, after several hours incubation at 30°, the reaction mixtures were 
extracted and chromatographed. The chromatograms showed a. signifi- 
cant production of citramalic acid in the vessel containing HMKG, but 
not in the control. This demonstration that Neurospora is capable of 
forming citramalate from HMKG, together with the observation that 
citramalate is accumulated by strain 7110 in vivo, lends support to the 


3 y-Hydroxy-y-methyl-a-ketoglutarice acid has been called ‘‘parapyruvie acid’’ in 
the earlier literature. 
4 The reaction mixtures contained 0.1 M phosphate buffer, pH 7.0, DPN (5 umoles), 


and coenzyme A (50 y). 
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hypothesis that HMKG is the first condensation product of pyruvate in 
the valine biosynthetic pathway. 

Data obtained by Adelberg (3) and by Strassman et al. 4) suggest 
that isoleucine biosynthesis closely parallels that of valine, a molecule 
of a-ketobutyrate substituting for 1 of the pyruvate molecules in the 
postulated condensation reaction. If the condensation were analogous to 
the reaction forming HMKG, the product would be y-hydroxy-¢,y7- 
dimethyl-a-ketoglutaric acid. 


COOH CH; COOH CH; 


| | | 
CH,—C + CH,—C—COOH — CH,;—C 

| 


O OH O 


By analogy with the fate of HMKG, the above product could be oxi- 
datively decarboxylated to a,8-dimethylmalic acid. It was this rea- 
soning that led us to prepare the latter compound for comparison with 
compound Kg. 

It is particularly noteworthy that the branched skeleton of a,@-di- 
methylmalic acid is radically different from that of isoleucine, biosynthesis 
of which is blocked in strain 7110. It would be difficult to explain the 
accumulation of such a compound by any mechanism other than the 
decarboxylation proposed above. 

Neither Ks nor Ky has been found to possess nutritional activity for 
isoleucine- or valine-deficient microorganisms, despite repeated atteinpts 
to show such activity. The lack of biological activity is easily understood, 
however, if these compounds are decarboxylation products of the true in- 
termediates. Although, to the best of our knowledge, a ,8-dimethylmalic 
acid has not previously been reported to occur naturally, citramalic acid 
has been found in plant tissue (15). Its formation from HMKG by oxida- 
tive decarboxylation is a new finding, however. It is entirely possible 
that not only citramalic acid, but also y-hydroxy-y-methylglutamic acid 
(the transamination product of HMKG) occur in plant tissues as side 
products of the valine biosynthetic pathway. 

Both Strassman et al. (9, 14) and Adelberg (10) have concluded that 
intramolecular rearrangements take place in the biosynthesis of isoleucine 
and valine. Our plans for future work include the testing of y-hydroxy- 
8 ,y-dimethyl-a-ketoglutarate and HMKG as substrates for such enzymatic 
rearrangements. Tracer experiments with labeled pyruvate and a- 
ketobutyrate will also be necessary to confirm the proposed origins of 
citramalic and a ,6-dimethylmalic acids. 


The authors acknowledge with pleasure the technical assistance of 
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Joseph Weinman and Richard Lindwall in the isolation of compounds 
Kg and Kg, 


SUMMARY 


1. Neurospora mutant 7110, which requires isoleucine and valine for 
growth, has been shown to accumulate a,@-dimethylmalic acid and citra- 
malic acid. 

2. A mycelial homogenate of strain 7110 was shown to form citramalic 
acid by oxidative decarboxylation of y-hydroxy-y-methyl-a-ketoglutaric 
acid. The latter compound, which is a chemical dimerization product of 
pyruvic acid, is proposed to be the enzymatic dimerization product of 
pyruvate in the biosynthesis of valine. 

3. The formation of the branched structure of a,@-dimethylmalic acid 
is explained by assuming an analogous decarboxylation of y-hydroxy-8,7- 
dimethyl-a-ketoglutaric acid. The latter compound is proposed to be 
the first condensation product of pyruvic and a-ketobutyric acids in the 
biosynthesis of isoleucine. 


Addendum—Very strong evidence has recently been provided that acetolactate is 
the product of pyruvate condensation in the biosynthesis of valine by EZ. coli (Um- 
barger, Brown, and Eyring (16)). The proposed role of HMKG in Neurospora re- 
mains to be confirmed by enzymatic experiment. 
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AND PHILIP P. COHEN 


(From the Department of Physiological Chemistry, Service Memorial Institutes, 
University of Wisconsin, Madison, Wisconsin) 


(Received for publication, July 31, 1957) 


Recent investigations have established that the biosynthesis of citrul- 
line from ornithine, CO2, and ammonia can be separated into two enzymati- 
cally catalyzed steps (1, 2). In extracts of Streptococcus faecalis, the 
following reactions are believed to occur: 


(1) ATP! + CO: + ammonia @ carbamy] phosphate + ADP 
(2) Carbamy] phosphate + ornithine = citrulline + P; 


The over-all reaction has been found to be freely reversible (3). 

Studies of citrulline synthesis by preparations from mammalian liver 
have established that AG or related derivatives of glutamic acid are re- 
quired as a cofactor (4). It has been found? that this cofactor require- 
ment applies to the synthesis of carbamyl] phosphate and not to the trans- 
carbamylation reaction (5). No reversal of the over-all reaction in the 
liver system can be demonstrated by ordinary chemical means. 

The present study is concerned with the synthesis of carbamy] phosphate 
by mammalian liver preparations. 


Materials and Methods 


L-Ornithine, AG, and crystalline disodium ATP used in these studies 
were commercial preparations. All substrates were adjusted to pH 7.4 
before use. 

Citrulline was estimated by a modification of the method of Archibald 
(6). Protein was determined by the method of Lowry et al. (7). Libera- 


* This study was supported in part by a research grant No. A-540(06) from the 
National Institute of Arthritis and Metabolic Diseases, National Institutes of 
Health, Public Health Service, and the Wisconsin Alumni Research Foundation. 

+t Fellow of the American Cancer Society. 

t Public Health Service Predoctoral Research Fellow of the National Heart Insti- 
tute. Present address, American Cyanamid Company, Research Division, Pearl 
River, New York. 

1 The following abbreviations are used: AMP, ADP, and ATP, adenosine mono-, 
di-, and triphosphates, respectively; P;, inorganic phosphate; AG, acetyl-L-glutamic 
acid; Tris, tris(hydroxymethy]l)aminomethane. 

2? Burnett, G. H., and Cohen, P. P., unpublished observations. 
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tion of P; was measured as described by Fiske and Subbarow (8). Myo- 
kinase was estimated essentially as described by Kalckar (9).  Glass- 
distilled water was used in all reagents and preparations. 

Assay of Enzyme Activity—Unless otherwise noted, all assays employing 
the liver system were conducted under the following conditions. The 
incubation system contained the enzyme to be assayed; ATP, 5 umoles; 
MgSQ,, 10 wmoles; NHsHCO;, 50 umoles; AG, 5 wmoles; L-ornithine, 5 
umoles; ornithine transcarbamylase from dog liver in excess of the enzyme 
under study (10- to 100-fold); and water to give a volume of 1.0 ml. The 
incubation was carried out for 15 minutes at 38° and was followed by de- 
proteinization with 1.0 ml. of HClO, (1.0 x). The deproteinized solution 
was assayed for citrulline and P;. 

Extracts of S. faecalis were studied under conditions similar to those 


described by Knivett (3). The reaction mixture contained the enzyme 


to be assayed; ATP, 2.5 umoles; MgSO,, 10 umoles; NH,HCOs, 300 umoles; 
L-ornithine, 2.5 umoles; and water to give a volume of 1.0 ml. Incubation, 
deproteinization, and analyses were as described above. 

Units of Activity—A unit of activity was defined as the amount of enzyme 
which synthesizes 1.0 umole of citrulline in 15 minutes under the above 
conditions. 

Experimental 

Fractionation of Carbamyl Phosphate-Synthesizing Enzyme of Dog Liver— 
Acetone powder of washed residue of dog liver was prepared by the method 
previously used with rat liver (10). 20 gm. of dog liver acetone powder 
were extracted with 160 ml. of MgSO, (0.02 m) with gentle stirring for 20 
minutes. This extraction and all subsequent operations were carried out 
at 0-2°. The suspension was centrifuged at 4000 X g for 10 minutes and 
the supernatant solution decanted and saved. The precipitate was re- 
extracted as above for 10 minutes and the mixture centrifuged. The 
supernatant solutions were pooled and diluted with MgSO, (0.02 m) to 
320 ml. to give a protein concentration of approximately 1 per cent. Am- 
monium sulfate solution (3.75 mM) was then added to give a concentration 
of 1.5 M, and the suspension was centrifuged for 30 minutes at 4000 X 4g. 
The precipitate was discarded, and ammonium sulfate solution (3.75 M) 
was added to the supernatant solution to give a concentration of 2.25 M. 
The suspension was centrifuged as above. The supernatant solution was 
decanted and saved for preparation of ornithine transcarbamylase (see 
below). The precipitate, containing the carbamyl phosphate-synthesizing 
system, was dissolved in 80 ml. of MgSO, (0.02 mM). 80 ml. of a 6.6 per 
cent suspension of hydrated calcium phosphate preparation (hydroxylapa- 
tite (11)) were added, and the material was stirred occasionally for 5 min- 
utes. The suspension was centrifuged for 5 minutes at 2000 X g and the 
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supernatant solution discarded. The residue was stirred for 10 minutes 
with 160 ml. of ammonium bicarbonate solution (1.0 M) and centrifuged 
again, and the supernatant solution was discarded. The residue was then 
stirred for 10 minutes with 160 ml. of potassium phosphate buffer, pH 7.5 
(0.5 M), and the suspension was centrifuged. The supernatant solution 
was fractionated with ammonium sulfate as before, and the material pre- 
cipitating between 1.5 and 2.25 mM was obtained. This material was 
washed three times by resuspension in 3.0 M ammonium sulfate, followed by 
centrifugation or until no P; could be detected in the preparation. The 
supernatant solution was decanted from the precipitate, and the latter 
was frozen and maintained at —80°. The carbamyl phosphate-synthesiz- 
ing activity was found to be completely stable for at least a month under 
these conditions. The precipitate was redissolved in 0.025 M ammonium 
bicarbonate buffer (pH 7.5) immediately before use. It was found to be 
essential that the precipitate be dissolved in buffer rather than in water, 
as the activity is lost almost immediately below pH 6.0. 

Fractionation of Carbamyl Phosphate-Synthesizing Enzyme of Beef Liver— 
The mitochondrial fraction from a 20 per cent homogenate of beef liver 
was isolated by a rapid method, essentially as described by Kennedy 
and Lehninger (12). The packed mitochondrial fraction from 550 gm. of 
liver was stirred 5 minutes with 600 ml. of water without prior conversion 
to an acetone powder. The suspension was centrifuged at 4000 X g for 
10 minutes. The supernatant solution was saved, and the residue was 
reextracted with 400 ml. of water as before and again centrifuged. Solid 
ammonium sulfate was added to the combined supernatant fractions to give 
a concentration of 3.0 mM. The precipitate was resuspended in 500 ml. of 
2.06 M ammonium sulfate and stirred for 30 minutes. The suspension was 
centrifuged and the supernatant layer discarded. The precipitate was 
extracted as above with 1.68 M ammonium sulfate and centrifuged, and the 
residue was discarded. Solid ammonium sulfate was added to the super- 
natant solution to give a concentration of 3.0 mM. The precipitate was 
recovered and redissolved in 250 ml. of 0.025 m Tris buffer, pH 7.4, containing 
MgCl. (0.02 m). This solution was applied to a column of hydroxylapatite 
2.0 em. in diameter and 13 em. in length. 250 ml. of 0.2 Mm ammonium 
sulfate, adjusted to pH 7.4, were passed through the column, and the 
eluate was discarded. 100 ml. of 0.5 M ammonium sulfate (pH 7.4) were 
then passed through the column, and the resulting eluate was collected 
and brought to a concentration of 3.0 m by the addition of ammonium 
sulfate. The preparation was centrifuged at 20,000 X g and the super- 
natant solution discarded. The tubes containing the packed precipitate 
were tightly stoppered and stored at —80° as with the dog liver prepara- 
tions. 

Both preparations were reasonably stable in concentrated ammonium 
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sulfate solutions or when adsorbed on hydroxylapatite, but had a half life 
of approximately 1 hour at 0° in dilute buffers at pH 7.4. Tor this reason, 
it was necessary to perform the fractionation as rapidly as possible. 

The fractionation procedure employed for purification of the beef liver 
enzyme is, in practice, less laborious than that used for the dog liver 
enzyme and is more readily amenable to large scale operations. 

The preparations from dog liver and from beef liver contained approxi- 
mately 3 and 5 units of activity per mg. of protein, respectively, repre- 
senting about 3-fold purification from the original extracts in each case. 
The yields of activity were 5 to 20 per cent, so that it seems probable that 
the purification with respect of removal of interfering activities was con- 
siderably greater. In no case could any lost activity be reconstituted 
by recombination of fractions. The preparations were virtually free from 
ATPase and contained greatly reduced amounts of myokinase and pyro- 
phosphatase. The residual myokinase activity was found to be approxi- 
mately 5 per cent that of the carbamyl phosphate-synthesizing activity. 
The residual pyrophosphatase activity was sufficient to cleave approxi- 
mately 5 per cent as much pyrophosphate as there was citrulline formed. 
No ADPase could be detected in the preparation. The ornithine trans- 
carbamylase activity was considerably reduced, but was not found to be 
limiting. However, it was felt advisable to insure a large excess of the 
latter enzyme, as described in the assay conditions. 

Preparation of Ornithine Transcarbamylase from Dog Liver—The am- 
monium sulfate supernatant solution (2.25 mM) from dog liver preparations 
(see above) was brought to 3.40 m by addition of solid ammonium sulfate, 
and the precipitate was recovered by centrifugation. This material was 
dissolved in 25 ml. of 0.5 m Tris buffer, pH 7.4, and heated at 60° for 10 
minutes. The denatured protein was removed and the supernatant solu- 
tion frozen in small portions. A more highly purified ornithine trans- 
carbamylase preparation can be readily made (13). However, for the 
purposes of the present study the relatively crude preparation was found 
to be convenient and satisfactory. No ATPase or pyrophosphatase could 
be detected in the preparation. However, it was found to contain con- 
siderable myokinase. 

Extracts of S. faecalis—These preparations were kindly made available 
for this study by Dr. V. Knivett and were prepared essentially as previously 
described (3). 

Preparation of Ornithine Picmcnsbuniatind from S. faecalis—A sample 
of the preparation described above was heated for 10 minutes at 60°, which 
resulted in complete destruction of the carbamy] phosphate-synthesizing 
activity. The denatured protein was removed by centrifugation, and the 
supernatant solution was frozen in small portions. No ATPase, myo- 
kinase, or pyrophosphatase could be detected in this preparation. 
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RESULTS AND DISCUSSION 


Preparations from S. faecalis, from dog liver, and from beef liver were 
incubated as described in the section on ‘‘Materials and methods.” The 
results are presented in Table I. 


TABLE I 
Stoichiometry of Citrulline Synthesis 
Source of enzyme Citrulline Pj P;/citrulline 

pmoles formed pmoles liberated 
1.83 1.83 1.00 
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Fic. 1. Citrulline formation and P; liberation in the dog liver system as a function 
of time. Components of the reaction system and analytical methods are described 
in the text. 

Fig. 2. Citrulline formation and P; liberation in the dog liver system as a function 
of temperature. The tubes which were maintained at 14.5° and 22° were incubated 
for 30 minutes in order to obtain readily measurable amounts of citrulline and Pj. 
Those maintained at 30° and 38° were incubated for 15 minutes. The components 
of the reaction system are described in the text. 


It can be seen that the ratio of P; liberation to citrulline formation by 
S. faecalis preparations is unity and is consistent with the mechanism 
presented by other workers (2, 3). In the case of the liver systems, how- 
ever, it is apparent that 2 moles of P; are liberated for each mole of citrul- 
line formed. It seemed important to determine whether this 2:1 ratio 
was fundamental to the stoichiometry of the liver systems or was a coinci- 
dence dependent upon the particular conditions chosen. 

Citrulline formation and P; liberation were studied in the dog liver 
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system as a function of time. The results presented in Fig. 1 show that 
the ratio remains substantially 2:1 throughout the incubation. 

The dog liver system was investigated with temperature of incubation 
as the variable. The results shown in Fig. 2 indicate that the ratio is 
not influenced by temperature in the range studied. 

The stoichiometry was further examined as a function of AG concentra- 
tion. All other conditions of incubation were as previously noted. The 
results shown in Fig. 3 demonstrate that the ratio of P; liberation to citrul- 
line formation is constant over a wide range of AG concentrations. Com- 
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Fic. 3. Citrulline formation and P; liberation in the dog liver system as a function 
of AG concentration. All conditions other than AG concentration are as described 
in the text. 

Fic. 4. Separation of the nucleotides from a beef liver enzyme reaction mixture. 
The resin column used was a 1 X 10 cm. Dowex 1 (8 per cent cross-linked) formate 
column. Gradient elution was employed. The mixer was charged with 250 ml. of 
water, and 250 ml. of 1.0 M ammonium formate were passed through the system, 
resulting in elution of the AMP. All fractions were 5.0 ml. The reservoir was then 
charged with 250 ml. of 2.0 M ammonium formate, and the ADP and ATP were eluted. 


parable results are obtained when carbamyl-L-glutamic acid is substi- 
tuted for AG, although higher concentrations of the former are required. 

It would appear that this ratio reflects the actual stoichiometry of the 
liver systems. 

Identification of the nucleotide product of the reaction was considered 
to be necessary, as the liberation of 2 moles of P; could correspond to 
formation of 1 mole of AMP or 2 moles of ADP. For this purpose a 
typical reaction mixture containing the beef liver enzyme was prepared 
with the exception that ornithine transcarbamylase from S. faecalis was 
used in order to avoid adding myokinase, which was present in the ornithine 
transcarbamylase of dog liver. The incubation mixture was deproteinized 
as usual and then neutralized with KHCO; (1.0 mM). The precipitate of 
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KClO, was removed by centrifugation at 0°, and an aliquot of the super- 
natant solution was chromatographed on a column of Dowex 1 formate 
under the conditions described by Hurlbert et al. (14). The elution of 
the nucleotides was followed by determination of the optical density of 
the fractions at 258 my. The peaks were identified by comparison with 
a control column charged with authentic samples of the nucleotides and 
eluted in an identical manner. It can be seen from Fig. 4 that the primary 
product is ADP. The small AMP peak is apparently due to the action 
of residual myokinase present in the enzyme preparation. These data, 
therefore, indicate that 2 moles of ATP are utilized for each mole of citrul- 
line produced. This is in accord with the observation that, while bacterial 
synthesis of citrulline is freely reversible, mammalian synthesis is essentially 
irreversible. 


SUMMARY 


Partial purification of the carbamyl] phosphate-synthesizing enzyme of 
mammalian liver is described. It has been found that 2 moles of P; are 
released for each mole of citrulline formed. This stoichiometry is in 
contrast with that of the Streptococcus faecalis system, in which 1 mole of 
inorganic phosphate is released per mole of citrulline formed, and suggests 
that a different mechanism is operative. The nucleotide product of the 
reaction has been identified as adenosine diphosphate. 
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THE LIPIDE COMPOSITION OF A PURIFIED CYTOCHROME 
PREPARATION OF PIG HEART* 


By G. V. MARINETTI,? J. KOCHEN, J. ERBLAND, ann ELMER STOTZ 


(From the Department of Biochemistry, The University of Rochester 
School of Medicine and Dentistry, Rochester, New York) 


(Received for publication, June 22, 1957) 


A role for lipides in electron transport during biological oxidation is 
indicated by several studies which are referred to in a previous paper (1). 
As an extension of this research project an analysis was made of the lipide 
composition of a purified pig heart cytochrome b-cytochrome c; preparation 
which can couple the enzymatic oxidation of succinate with cytochrome c. 
The lipide pattern of this preparation is markedly different from that of 
a purified cytochrome oxidase (1), a finding which would favor the hy- 
pothesis that the individual insoluble cytochromes are distinct lipopro- 
teins rather than being lipide-free proteins which are imbedded in a uni- 
form lipide matrix in the mitochondria. 


EXPERIMENTAL 


Methods and Reagents—The cytochrome preparation was made by the 
method of Clark and coworkers (2). This preparation contains cyto- 
chromes b and c; and is free of cytochrome oxidase. Cholesterol was 
determined as described previously (1). Ester analyses were done by the 
method of Rapport and Alonzo (3). Lipide P was determined by a modi- 
fied procedure (4) of Harris and Popat (5). Aldehydes were analyzed by 
the Schiff reagent as described previously (6). 

Lipide Extraction—The cytochrome preparation was carried out to the 
stage representing the ‘‘HS” fraction (2) and centrifuged at 12,000 * g 
for 15 minutes. The pellet, which was obtained from 400 gm. of wet weight 
pig heart ventricle, was dissolved in 15 ml. of distilled water, and the solu- 
tion was treated with 15 ml. of 10 per cent trichloroacetic acid and centri- 
fuged. The residue was washed three times by suspending in 10 ml. of 
distilled water and centrifuging. The washed precipitate (251 mg. dry 
weight) thus obtained was extracted with chloroform-methanol as de- 
scribed previously (1). The final chloroform solution yielded 40 mg. of 
total lipides (Extract I). 


* This work was supported in part by funds from a grant, No. H2063, from the 
National Heart Institute, National Institutes of Health, Public Health Service, and 
from the Life Insurance Medical Research Fund. 

t This work was carried out during the tenure of a Lederle Medical Faculty Award. 
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In order to study the effect of trichloroacetic acid on the phosphatides 
a portion of another preparation was extracted directly with chloroform- 
methanol (1), and the final lipide residue was taken up in chloroform 
(Extract II). The distribution of the individual phosphatides, especially 
the lysophosphatides, was markedly different between these extracts 
(see Table I). 

Chromatographic Analysis—Paper and column chromatographic _pro- 
cedures were carried out by methods described previously (6, 7). 


Results 


The lipides of the cytochrome preparation were prepared in two ways 
in order to determine the effect of trichloroacetic acid on the acetal phos- 
phatides. The reason for testing this reagent is primarily due to the fact 
that trichloroacetic acid is widely used as a phosphatide precipitant. The 
results given below demonstrate that this reagent does cause some hydroly- 
sis of the acetal phosphatides even under mild conditions. 

The total lipides of Extract I were found to contain 1.33 per cent P. 
The composition of the lipides was as follows (expressed as per cent dry 
weight): phosphatides, 33.2; cholesterol plus cholesterol esters, 3.85; 
neutral fat plus free fatty acids, 13.8; unidentified lipide, 51.2. This 
latter unidentified lipide occurred in Fraction A (see Fig. 2). The high 
ester-P molar ratio of this lipide (see Table IT) indicates a polyester phos- 
phatide having an unusual structure. 

Irom the above data the lipide content of the cytochrome preparation 
was as follows (expressed as per cent dry weight): total lipides, 16; total 
cholesterol, 0.61; total phosphatides, 4.95; neutral fat plus free fatty acids, 
2.19; and unidentified lipide, 8.1. 

A typical chromatogram of the cytochrome phosphatides (Extract I) 
is shown in Fig. 1. In so far as possible the phosphatides were identified 
by characteristic spot tests and by comparing their mobilities to those of 
known compounds. The spot tests shown in Fig. 1 were performed on 
individual strips of the same chromatogram. The major phosphatides 
were lysolecithin (Spot 1), lecithin (Spot 3), phosphatidylethanolamine 
(Spot 5), and the unidentified lipide (Spot 6). Phosphatidylserine (Spot 
4), lysocephalins' (Spot 2), and a small amount of inositol phosphatide 
(which occurred with lysolecithin in Spot 1) were also present. Lecithin 
and phosphatidylethanolamine contained some of the corresponding acetal 
analogues as evidenced by the strong dinitrophenylhydrazine test given 
by these lipides. The high concentration of lysolecithin and lysocephalins 
in this preparation is unusual, since in our experience normal tissues con- 


1 Lysocephalins shall designate the lyso derivatives of phosphatidylethanolamine 
and phosphatidylserine. 
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tain very little of these phosphatides (8). Some of these lysophosphatides 
are believed to be products of enzymatic degradation which occurs during 
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Fic. 1. Tracing of a chromatogram of the total lipides of the purified pig heart 
eytochrome preparation. Chromatography was carried out at 23° on silicie acid- 
impregnated paper, and a solvent consisting of diisobutyl ketone-acetic acid-water, 
40:25:5, was employed (6). Rh.6G = rhodamine 6G (Colour index 752); Spots 4 and 
6 gave a blue-purple color, Spot 1 gave an orange-purple color, and Spots 2, 3, 5, and 
7 gave a yellow color (as observed on wet chromatograms under ultraviolet light, 
366 mu). The ninhydrin and choline reagents are described elsewhere (13). The 
positive test for choline given by phosphatidylethanolamine (Spot 6) and by Spot 2 
is a non-specific test due to certain unsaturated cephalins. DNPH = 2,4-dinitro- 
phenylhydrazine (6). Acetal phosphatides appear as yellow-orange spots with this 
reagent. The identification of the spots is as follows: Spot 1 = a mixture of lyso- 
lecithin and a small amount of inositol phosphatide; Spot 2 = mainly lysocephalins; 
Spot 3 = lecithin (both the diester and acetal types); Spot 4 = phosphatidylserine; 
Spot 5 = phosphatidylethanolamine (both the diester and acetal types); Spot 6 = an 
unidentified phosphatide; Spot 7 = a mixture of cholesterol, cholesterol esters, and 
free fatty acids. 


the 3 days which are required to make the preparation. This finding 
points to the presence of lecithinases in heart muscle. 

The results of the quantitative paper chromatographic analysis of the 
phosphatides are given in Table I. It can be seen that the amount of 
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lysophosphatides was much higher in the trichloroacetic acid-treated 
preparation (Extract I). However, the amount of the unidentified lipide 
in Fraction 7 (which corresponds to Spot 6, Fig. 1) was much higher in 


TABLE I 


Quantitative Paper Chromatography of Phosphatides of Pig 
Heart Cytochrome Preparation* 


a Fraction of total lipide P 
F it Phosphatide components 
Extract II Extract I§ (Column value|| 
Y per cent per cent per cent 

0 0.95 1.49 1.38 Unidentified 

1 1.03 2.14 3.72 2 

2 6.20 12.87 22.70 22.40 Lysolecithin + inositol 
phosphatide 

3 5.09 10.59 16.10 Lysocephalins 

4 14.12 29.30 29.80 30.20 Lecithin (diester + ace- 
tal types) 

5 2.80 5.82 4.00 Phosphatidylserine 

6 8.69 18.01 16.70 17.70 Phosphatidylethanol- 
amine (diester + ace- 
tal types) 

0.50 1.04 1.59 


* Paper chromatography was carried out as described in Fig. 1. The P values 
have been corrected by subtracting an appropriate blank value of 1.09 y of P per 
100 cm.? of paper. The recovery of lipide P was 95 to 97 per cent. 

7 In regard to Fig. 1 these fractions correspond to the following: Fraction 0 = 
material at origin; Fraction 1 = the area on the paper between the origin and Spot 
1; Fraction 2 = Spot 1; Fraction 3 = Spot 2; Fraction 4 = Spot 3; Fraction 5 = 
Spot 4; Fraction 6 = Spot 5; Fraction 7 = Spot 6; Fraction 8 = the area on the 
paper between Spots 6 and 7; Fraction 9 = Spot 7. 

t The lipides were applied to the paper in isoamyl alcohol-benzene, 1:1, at a 
concentration of 5.2 y of P per 10 ul. 

§ The lipides were applied to the paper in isoamy] alcohol-benzene, 1:1, at a 
concentration of 4.5 y of P per 10yul. The micrograms of P values are omitted for 
the sake of brevity. 

|| These values were obtained by column chromatography of the phosphatides of 
Extract I (see Table II). 


Extract II. Hence it seems clear that trichloroacetic acid causes some 
hydrolysis of labile phosphatides with the production of lysophosphatides. 
It would appear that these lysophosphatides might arise as a result of 
hydrolysis of the corresponding acetal analogues of lecithin, phosphatidyl- 
ethanolamine, and phosphatidylserine, but the data are not clear on this 
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point since the amount of lecithin was essentially the same in both Extracts 
I and II, and the decrease in amount of phosphatidylethanolamine and 
phosphatidylserine in Extract I is not large enough to account for the 
increase in the lysocephalins. Whether lysophosphatides arise as a result 
of hydrolysis of the unidentified lipide in Fraction 7 (Table I) remains to 
be determined. The concentration of lysophosphatides in this cyto- 
chrome preparation may explain its high solubility in water. It is note- 
worthy that sphingomyelin and cerebrosides were absent in this cytochrome 
preparation. 

The quantitative paper chromatographic analysis of the phosphatides 
required only 2.8 mg. of total lipides (about 1 mg. of phosphatides), and 
the results agree well with those obtained by column chromatography. 
This correlation could only be made for certain phosphatides, since the 
resolution of the phosphatides by column chromatography was not as 
effective or the same as that obtained by paper chromatography. How- 
ever, column chromatography did allow the isolation of sufficient material 
for further chemical analysis. A typical elution curve showing the dis- 
tribution of lipide P versus fraction number is given in Fig. 2. The spots 
whose Ry values are shown on the right ordinate correspond to the phos- 
phatide components of the peak fractions and were obtained by paper 
chromatography. Indeed, paper chromatography was found to be a 
simple yet effective technique for piloting the column fractionation and 
for identifying the phosphatides in each fraction. It can be seen that the 
phosphatides were separated into five major fractions and that the separa- 
tion of phosphatidylethanolamine, inositol phosphatide, lecithin, and lyso- 
lecithin was complete. However, phosphatidylserine was eluted with the 
phosphatidylethanolamine fraction, and the lysocephalins were eluted with 
the inositol phosphatide fraction. The non-phosphatides (cholesterol, 
cholesterol esters, neutral fat, and free fatty acids) were eluted with chloro- 
form (Fig. 2, Fractions 1 to 10). These latter lipides were identified by 
paper chromatography on silicic acid-impregnated paper. The solvent 
systems for separating these compounds were developed in this laboratory 
and consisted of either hexane-ethyl ether-acetic acid, 96:4:0.2, or n- 
heptane-diisobutyl ketone, 96:6. 

Some analytical data of the peak fractions shown in Fig. 2 are given in 
Table II. The distribution of lipide P clearly shows that phosphatidyl- 
ethanolamine (Fraction B), lysocephalins (Fraction C), lecithin (Fraction 
D), and lysolecithin (Fraction E) were major phosphatides. This finding 
confirms the paper chromatographic analysis. On a weight basis, however, 
Fraction A accounted for the largest amount of lipide. 

The presence of the various phosphatides was confirmed by hydrolysis 
with 1 nN HCl and subsequent paper chromatographic analysis of the water- 
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soluble nitrogen bases (choline, serine, and ethanolamine) (1). Further- 
more, quantitative analysis was made for ester-P molar ratios of the peak 
fractions. ‘Tests were also carried out for aldehyde-containing lipides by 
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Fic. 2. Column chromatography of the phosphatides of the pig heart cytochrome 
preparation. 30mg. of total lipides were dissolved in 5 ml. of chloroform and placed 
on a column (1.5 em. diameter) containing 10 gm. of silicic acid (Mallinckrodt, ana- 
lytical reagent, 100 mesh, for chromatography). The column was prepared by pour- 
ing a slurry of the silicic acid in petroleum ether into the column, alllowing the ad- 
sorbent to settle, and then washing with 20 ml. of chloroform-methanol, 1:1, followed 
by 25 ml. of chloroform. After applying the lipides to the column, fractionation 
was carried out with the following solvents in the order given: 50 ml. of chloroform; 
100 ml. of chloroform-methanol, 4:1; 100 ml. of chloroform-methanol, 1:1; and 150 
ml. of methanol. Fractions of 5 ml. volume were taken. An air pressure head was 
maintained on the column to give a flow rate of about 1 ml. per minute. Solvent 
changes occurred at Fractions 12, 32, and 52 as indicated by the upright arrows be- 
low the abscissa. The spots shown as solid circles represent the phosphatide com- 
ponents of the respective peak fractions. These components were determined by 
paper chromatography on silicic acid as explained in Fig. 1. A positive ninhydrin 
test was given by the spot in Fraction B and the middle spot in Fraction C. A posi- 
tive test for choline was given by the spots in Fractions D and k. The hump in 
Fraction D is an effect due to a change in solvent composition. The analysis of the 
peak fractions is given in Table IT. 


use of the Schiff reagent (6). The presence of aldehydes in Fractions B 
and D explains the low ester-P ratios for the phosphatides contained therein 
(the theoretical value for a diester lecithin or phosphatidylethanolamine 1s 
2.0). The presence of aldehydes in Fractions B and D also confirms the 
2 ,4-dinitrophenylhydrazine test given by these phosphatides on the chro- 
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matograms (see Fig. 1) and is in accordance with the high concentration 
of acetal phosphatides in heart muscle (6). 

The lipide fractions obtained by column chromatography were tested 
for their ability to reactivate an isooctane-extracted heart muscle system 
(9-11) with regard to reducing cytochrome c. The non-phosphatides 
(Fig. 2, Fractions 1 to 10) and Fraction C possessed the greatest activity 
and indeed were more active than vitamin E. However, neither vitamin 
E nor vitamin K could be detected in the cytochrome preparation. 


TABLE II 


Analytical Data of Peak Fractions Obtained by Column Chromatography 
of Pig Heart Cytochrome Lipides* 


| users | | N bases found 
Y 
A 17.3 4.0 9.5 None 
B 76.8 17.7 1.2|| Ethanolamine (major) 
Serine (minor) 
C 91.1 21.1 1.0 Ethanolamine (major) 
Serine (minor) 
D 130.7 30.2 1.7|| Choline 
96.8 22.4 0.91 


* These analyses were done on the peak fractions shown in Fig. 2. 

+t The peaks include the following fractions: A, 14 to 16; B, 19 to 30; C, 34 to 41; 
D. 45 to 60; E, 61 to 83. All other fractions contained approximately 7 + of lipide P. 

t A total of 420 y of lipide P was put on the column. The amount of P eluted 
was 430 y. The recovery of P was 102 per cent. 

§ Trace amounts of an unidentified amino compound also occurred in Fractions 
Band C. The phosphatides present in each fraction are given in the text. 

|| Aldehydes were found in Fractions B and D. 


DISCUSSION 


One of the aims of this work is to determine whether the insoluble cyto- 
chromes present in the mitochondria possess characteristic lipide patterns 
and to attempt to correlate the lipides with the function of these oxidative 
enzymes. Previous studies on the action of lecithinases’ on the succin- 
oxidase system have implicated a functional role for the lipides either as 
essential structural components or as direct participants in electron trans- 
port. The work of Nason and collaborators (9, 10) and of Morrison, 
Crawford, and Stotz (11) give supporting evidence for the latter. How- 
ever, the relatively non-specific action of a variety of lipides’ in reactivating 


2 Appropriate references are given in a previous paper (1). 
3 Unpublished data. 


1034 LIPIDE COMPOSITION OF CYTOCHROME 


an isooctane-extracted heart muscle system in regard to reducing cyto- 
chrome c does not present a clear picture of these compounds. The lipides 
might activate such a system by causing a specific change in the structure 
of an essential lipoprotein complex which may be required in the sequence 
of electron transport or they may lead to the formation of a component 
which is active in coupling the oxidation of succinate with cytochrome c. 
The work of Donaldson and Nason (10) indicates that tocopherol or a 
tocopherol derivative may act in such a manner. 

In a previous paper (1) it was found that a purified cytochrome oxidase 
preparation was devoid of vitamins E and K. Likewise, the present cyto- 
chrome preparation contained no detectable amounts of these vitamins. 
Hence, if vitamin E or vitamin K is a cofactor in electron transport, it 
does not appear to be involved directly with the cytochrome b-cytochrome 
C, preparation or cytochrome oxidase. However, both of these cyto- 
chrome preparations contained lipides which were able to stimulate the en- 
zymatic reduction of cytochrome c in a manner similar to vitamin E (11). 
High activity occurred in the non-phosphatide fraction which was eluted 
from the silicic acid column with chloroform alone. A similar finding was 
observed with the lipides of pig heart. The fraction eluted by chloroform 
contains cholesterol, cholesterol esters, free fatty acids, triglycerides, 
and other unidentified lipides. In addition, a lipide component which 
absorbs at 230 and 274 muy (1) occurs in this fraction. We have now 
purified a lipide from pig heart (12) which has high activity in regard to ac- 
tivating the reduction of cytochrome c. This lipide is free from cholesterol, 
cholesterol esters, and phosphatides and has been characterized as a long 
chain keto ester. Further studies on this compound are now in progress. 

The lipide composition of the purified cytochrome oxidase and the 
present cytochrome preparation are markedly different. The oxidase 
preparation contained sphingomyelin, a higher content of total lipides, but 
had no detectable amount of lysolecithin or cholesterol esters. On the 
other hand, the present preparation was free of sphingomyelin, did con- 
tain cholesterol esters, and was rich in lysolecithin. It is believed that 
this evidence favors the hypothesis that each of the insoluble cytochromes 
is a distinct lipoprotein. However, conclusive evidence on this point 
must await the isolation of these enzymes in a higher state of purity. 


SUMMARY 


The lipide composition of a purified cytochrome preparation of pig 
heart was determined and found to contain 16 per cent of total lipides 
(dry weight basis). The lipides consisted of 3.85 per cent cholesterol plus 
cholesterol esters, 13.8 per cent neutral fat plus free fatty acids, 33.2 per 
cent phosphatides, and 51.2 per cent of unidentified lipides. The cyto- 
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chrome preparation contained an unusually high concentration of lyso- 
phosphatides and had no detectable amount of sphingomyelin or 
cerebrosides. The major phosphatides, which were analyzed by chro- 
matographic methods, were lecithin, phosphatidylethanolamine, lyso- 
lecithin, and lysocephalins. Phosphatidylserine and inositol phosphatide 
were minor constituents. Several lipide fractions extracted from the 
cytochrome preparation were active in reducing cytochrome c. 


The authors are indebted to Dr. M. Morrison and Mr. R. Crawford for 
testing the activity of the various lipides. 
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THE FORMATION OF S-ADENOSYLMETHIONINE IN YEAST* 
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Laboratory, Lemont, Illinois) 


(Received for publication, July 10, 1957) 


In a recent series of investigations on biological methyl group transfer, 
Cantoni and his coworkers (1, 2) have prepared S-adenosylmethionine 
from adenosine triphosphate and methionine by incubation in the presence 
of liver enzymes; from their work it appears that adenosylmethionine acts 
as a methyl donor in several enzymatic reactions in which this function 
formerly had been attributed to methionine. In a simultaneous series of 
papers the metabolic relation between methionine and methylthioadenosine 
in yeast has been studied; the formation of a thionium compound, adenosy]l- 
methionine, and its decomposition to methylthioadenosine and homoserine 
were suggested as an explanation of the isolation of the nucleoside from 
yeast which had been cultivated in a medium containing methionine 
(3, 4). 

Data in the present report substantiate the concept of formation of a 
thionium compound from methionine in yeast and show its identity with 
S-adenosylmethionine. The high yield of methylthioadenosine from 
yeast indicated that the precursor, S-adenosylmethionine, may be obtain- 
able from this source in a similar concentration. This was borne out by our 
experiments, and it would appear that yeast from cultures suitably supple- 
mented with organic sulfur compounds is the source of choice for isolation 
of S-adenosylmethionine. Directions for the analysis of this compound 
are given, and some of its properties are described. 


EXPERIMENTAL 


Culture of Yeast—Of a variety of yeasts which were tested, Torulopsis 
utilis was found to be particularly suitable for the production of adenosyl- 
methionine because of the simplicity of its nutritional requirements and 
culture. The following strains' were found useful: ATCC 8205, 8206, 
9226, and 9950. Unless mentioned otherwise, ATCC 9950 was used in 
the present experiments. Similar results were obtained with Saccharomyces 
cerevisiae. The details of the culture are given in earlier papers (5, 6). 


* This work was performed under the auspices of the United States Atomic Energy 
Commission. 

! Obtainable from the American Type Culture Collection, 2029 M Street, N. W., 
Washington 6, D. C. 
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The routine was as follows: Heavy inocula were transferred from wort 
agar slants into 20 ml. batches of culture medium in 125 ml. Erlenmeyer 
flasks. After a growth period of 48 hours, the flask contents were trans- 
ferred into 100 ml. samples of medium in 500 ml. Erlenmeyer flasks, and 
a second growth period of 48 hours was allowed. Further transfer may 
be made to secure larger amounts of yeast; in this series of experiments, 
the combined harvest from four to eight 120 ml. portions of culture medium 
was found convenient. The sulfur supplement was incorporated only 
into the final batches of medium; these flasks also received 2 gm. each of 
marble chips before sterilizing to prevent the accumulation of excessive 
acid toward the end of the growth period. The final pH values ranged 
between 4.5 and 5.5 under these conditions; they were observed to fall 
below pH 3 in culture flasks without marble chips. The growth tempera- 
ture was kept between 24° and 30°; aeration was provided by agitation on 
a rotary action flask shaker? at 100 to 150 excursions per minute. 3 to 4 
gm. of cell centrifugate were obtained from each flask. After centrifuga- 
tion, the yeast was washed twice with an excess of cold water to remove 
adherent culture medium. It may be stored at —10° for at least 2 weeks 
without loss of adenosylmethionine. All data on concentrations of sub- 
stances extracted from the cells pertain to the moist centrifugates with a 
water content of not less than 75 per cent. 

Enzyme Preparations—Commercial enzyme preparations were used; 
D-amino acid oxidase was a hog kidney preparation (Nutritional Bio- 
chemicals Corporation). For L-amino acid oxidase experiments, venom 
of the cottonmouth moccasin (Agkistrodon piscivorus) was obtained from 
Ross Allen’s Reptile Institute, Silver Springs, Florida. Crystalline 
catalase (Worthington Biochemical Corporation) was used. 

Sulfur Supplement—Like most other yeasts, 7. utilis is capable of 
producing methionine from sulfate in quantities adequate for protein 
synthesis. The concentration of S-adenosylmethionine, however, remains 
low under these conditions. Incorporation of methionine into the culture 
medium leads to an increase in the concentration of S-adenosylmethionine. 

L-Methionine served as a sulfur supplement in most experiments; the 
concentration usually was 4 to 6 umoles per ml. of culture medium. Other 
sulfur compounds tested were pi-methionine, p-methionine, and a com- 
bination of pb-, DL-, or L-homocysteine with S-methylmethionine in the 
D, DL, orLform. The supplements were sterilized separately ; heat steriliza- 
tion was used for methionine, and filtration through a sintered glass 
microbiological filter was employed for homocysteine and S-methyl- 
methionine. 

The amino acids were of commercial origin. S-Methylmethionine was 


2 New Brunswick Scientific Company, New Brunswick, New Jersey. 
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synthesized according to the procedure of Toennies and Kolb (7). It 
should be emphasized that homocystine and homocysteine lactone are less 
effective as sulfur supplements, alone or in combination with S-methyl- 
methionine. The commercial lactone is converted into homocysteine 
by treatment with 0.1 n NaOH at room temperature for 5 minutes. 

It seemed possible that the concentration of homocysteine in the culture 
medium might be decreased significantly by conversion into its thiolactone 
or by oxidation to homocystine. Iodimetric determination of homocys- 
teine (8) in 0.04 m phosphate buffer, pH 5.0, and in culture medium without 
inoculum, showed a decrease of the sulfhydryl groups amounting to 3.0, 
5.5, and 26 per cent after 2, 4, and 23 hours, respectively. This decline 
is caused by oxidation; the thiolactone formation measured under the 
same conditions, except for the exclusion of oxygen, remained insignifi- 
cant. 

Analytical Procedures—Most of the analytical tests employed in our 
earlier studies (4, 6, 9) were applicable; in particular, ultraviolet spectro- 
photometry, the nitroprusside test of McCarthy and Sullivan (10), and 
the ninhydrin reaction in the modification of Moore and Stein (11) were 
found to be useful. S-Adenosylmethionine must be hydrolyzed at pH 4 
to 6 for 30 minutes at 100° prior to the two last named tests. 

Paper Chromatography—Paper chromatographic procedures were em- 
ployed for the identification of the constituents of yeast extracts and for 
the isolation of moderate quantities of S-adenosylmethionine. Whatman 
papers Nos. 1 and 3 served for analytical and preparative purposes, re- 
spectively. A mixture of ethanol, water, and acetic acid (65:34:1, v/v) 
was the preferred solvent; this mixture permits somewhat better migration 
of the thionium compound than the similar developer recommended by 
Cantoni (2). The R, values of the compounds important in these experi- 
ments are S-adenosylmethionine, 0.30; adenosine 5’-monophosphate, 0.44; 
adenosine diphosphate, 0.28; adenosine triphosphate, 0.23; adenosine, 0.59; 
adenine, 0.63; methylthioadenosine, 0.75; homoserine, 0.63; methionine, 
0.72. Ninhydrin spraying and scanning with an ultraviolet lamp (Min- 
eralight 2537) were used for the location of spots. 

For the isolation of S-adenosylmethionine and methylthioadenosine, as 
much as 2.5 ml. of slightly acid or neutral yeast extract may be applied in 
increments to Whatman No. 3 paper sheets in a band 40 cm. long. After 
developing, drying, and locating the desired material, bands are excised 
with sufficient lateral margins to permit vertical insertion of the strips into 
a trough for descending elution with water; a point is cut at the lower end. 
The compounds follow the elution front very closely; the first 3 ml. of 
eluate contain most of the material, and it is completely eluted by a total 
amount of 10 to 12 ml. of water. Such eluates have a pH value of about 
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4, apparently because some of the acetic acid of the developer is retained 
after the brief drying of the paper sheets. 

Chromatography with Cation Exchange Resin—The strongly basic char. 
acter of sulfonium compounds such as S-adenosylmethionine permits 
their isolation and determination by adsorption on, and elution from, 
cation exchange resins. Since the literature on S-adenosylmethionine 
does not yet contain any record of a suitable procedure, a detailed account 
seems warranted. 

Dowex 50, 8 per cent cross-linked, 100 to 200 mesh size, in the acid 
form was used. Short columns (3 to 4 em.) were used for quantitative 
separation of S-adenosylmethionine from other adenine compounds; longer 
columns were substituted for more exacting analytical investigation. Tris- 


1 N N HeSO,— 
= 0.15 LAMP S-ADENOSYL- 4 

0.10 ATP METHIONINE 
DPN 
5 TPN 
= 0.05} / NUCLEOSIDES ADENIN d 


0 200 400 600 800 1000 1200 =1400 
ML. OF EFFLUENT 
Fic. 1. Chromatographic separation of S-adenosylmethionine from other com- 
pounds in yeast extract. A Dowex 50 column, 7 X 35 mm., was used. AMP = 
adenosine monophosphate, ADP = adenosine diphosphate, ATP = adenosine tri- 
phosphate, DPN = diphosphopyridine nucleotide, TPN = _ triphosphopyridine 
nucleotide. 


(hydroxymethyl)aminomethane buffer interferes with the procedure. — lig. 
1 gives composite data of exploratory experiments with some of the com- 
pounds of interest. The results suggested that the determination of 
S-adenosylmethionine in yeast extracts may be accomplished with ease by 
the use of short Dowex 50 columns; further experimentation has resulted 
in the following procedure. 

The acid extract, containing 1 to 10 umoles of the sulfonium compound, 
is applied to a column of 35 mm. length and 7 mm. diameter. This is 
washed with 1 N hydrochloric or sulfuric acid until the optical density of 
the effluent at 256 my is decreased to less than 0.01; 250 ml. of acid usually 
suffice. If the presence of adenine is suspected, 1 liter of acid should be 
employed. In the present experiments, significant amounts of this base 
were never found in yeast extracts; in case of doubt, paper chromatography 
of an aliquot may be used as a criterion. The eluate obtained with 1 N 
acid (Fraction 1) comprises the adenine derivatives other than S-adenosyl- 
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methionine. Spectrophotometry at 256 my rfermits an estimation of 
their over-all concentration. The elution is continued with 6 N hydro- 
chloric or sulfuric acid. S-Adenosylmethionine appears almost immedi- 
ately in the eluate; for complete elution, 250 ml. of acid are usually suffi- 
cient (Fraction 2). Spectrophotometry at 256 my is used for a 
determination; Ey (256 mu) = 15,000. 

The use of batteries of short columns and the collection a aie two 
fractions permit extensive analytical work with little expenditure of time. 
In addition to the examination of yeast and tissue extracts, enzymatic 
systems in which S-adenosylmethionine reacts as a methyl donor may be 
analyzed. As transmethylation progresses, successive samples analyzed 
with the column show an increase in optical density in Fraction 1, caused 
by S-adenosylhomocysteine, and a decrease in S-adenosylmethionine in 
Fraction 2, which may be taken as a measure of transmethylation, pro- 
vided suitable control experiments are included. 

The choice of the analytical procedure depends on the circumstances. 
Paper chromatography is particularly suited for the determination of 
methylthioadenosine; because of its high Ry value it is easily separated 
from other compounds. Paper chromatographic assay of S-adenosyl- 
methionine must include the nitroprusside test, because adenosine diphos- 
phate and adenosine triphosphate have similar Ry values and may inter- 
fere with the ultraviolet spectrophotometry of the eluate. Unless noted 
otherwise, column chromatography was used for S-adenosylmethionine 
and paper chromatography for methylthioadenosine assay. 


Results 


Extraction of Adenine Sulfur Compounds from Yeast—Extraction of the 
yeast with hot water and quantitative examination of the extracts by 
chromatography and spectrophotometry showed an interrelation between 
the amounts of S-adenosylmethionine and methylthioadenosine. The 
former was preponderant after short extraction at moderate temperature, 
while the latter was found in increased amounts under more rigorous con- 
ditions of heat extraction (see Table I). In accord with the observations 
of Baddiley et al. (12), this finding suggested that methylthioadenosine is 
formed by thermal decomposition of S-adenosylmethionine in the yeast 
cells and that more lenient methods had to be found for the extraction of 
the latter compound. The following two methods gave satisfactory re- 
sults. 

Method A. Treatment with Liquid Nitrogen—A weighed amount of 
washed yeast is introduced in small portions into an excess of liquid nitro- 
gen in a Dewar container. After 1 hour, the supernatant fluid is decanted 
and the remaining yeast cells are transferred in the frozen state into a 
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centrifuge tube. Thawing soon begins and is speeded by the addition of 
2 to 4 volumes of water. The extraction is carried out with agitation over 
a period of 1 hour. A clear or slightly opalescent solution is obtained by 
high speed centrifugation. The remaining debris may be subjected to a 
second extraction. 

Microscopic examination of Torulopsis after exposure to liquid nitrogen 
did not reveal any alteration in appearance; more than 90 per cent of the 
cells, however, readily took up methylene blue (1:10,000) in the ‘dead 
cell staining procedure” (13), while the freshly harvested cells were re- 
sistant to the dye. This observation of altered permeability may explain 
the release of cellular constituents after thermal shock. It should be 
mentioned that treatment with solid carbon dioxide (dry ice) was not 
successful as a substitute for exposure to liquid nitrogen. 


TABLE I 
Extraction of Adenine Sulfur Compounds from Yeast (T. utilis) 
Temperature of extraction 5’-Methylthioad ine obtained S-Ad ylmethionine obtained 
<c. pmoles per gm. pmoles per gm. 
98 15.0 4.6 
85 11.0 5.4 
70 4.5 7.2 
60 0.8 2.5 


The temperatures listed are those of the water bath. The time of extraction was 
5 minutes in each case. The sulfur supplement consisted of 4.0 wmoles each of 
pL-homocysteine and S-methyl-pL-methionine per ml. of culture medium. 


Method B. Extraction with Perchloric Acid—Extraction with 2 to 4 
volumes of 1.5 N perchloric acid (14) was found to be effective. Shaking 
the mixture is expedient, and, after centrifugation, the residue may be 
subjected to a second extraction. 

The extracts obtained by either method contained 1 to 2 mg. of nitrogen 
per ml. as measured by the Kjeldahl procedure. No protein could be 
precipitated by trichloroacetic or perchloric acid from the water extracts 
obtained according to Method A; also, the extraction of S-adenosylme- 
thionine was less complete, amounting to between 70 and 80 per cent of 
that obtained with perchloric acid. However, the concentration of un- 
desired ultraviolet-absorbing material was lower than that in perchloric 
acid extracts; the latter are thus less convenient for paper chromatographic 
work. 

Relationship between S-Adenosylmethionine and 5'-M ethylthioadenosine— 
Extraction at room temperature after pretreatment with liquid nitrogen 
(Method A) is sufficiently lenient to give information about the relative 
concentrations of S-adenosylmethionine and methylthioadenosine in the 
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yeast cells. The experiments listed in Table II bear out the relationship 
between the two compounds foreshadowed in Table I. 

The present data on the extraction of yeast suggest strongly that most 
of the 5’-methylthioadenosine isolated according to the earlier methods 
(5, 15-18) originated from S-adenosylmethionine in the extraction pro- 
cedures which included heating. However, small amounts of the nucleo- 


TABLE II 
Production of S-Adenosylmethionine and Methylthioadenosine by T. utilis 
Strain of T. utilis Yield of yeast S-Adenosylmethioni Methylthioadenosine 
gm. per 100 ml. medium pmoles per gm. pmoles per gm. 
3.7 12.1 1.3 
3.3 15.3 1.6 


The extraction was carried out after treatment of the cells with liquid nitrogen. 
As a sulfur supplement in the culture medium, 4.0 wmoles of pL-homocysteine and 
4.0 umoles of S-methyl-pt-methionine were used. For the determination of S- 
adenosylmethionine and methylthioadenosine, column and paper chromatography, 
respectively, were used. 


TaBLeE III 
Utilization of 5’-Methylthioadenosine for Formation of S-Adenosylmethionine 
in Yeast 


S-Adenosyl- 
Concentration methionine 


Organic sulfur supplement in culture | Yield of yeast |¢ ound in 
yeast 
medium centrifugate 


umoles per ml.| pmoles per gm. 


None. 
5'-Methylthioadenosine. . 
+ 


WOO 
OO 
© 


ooo 


Perchloric acid (Method B) was used for the extraction. 


side are found even with the lenient extraction methods employed in the 
present investigation (see Table II). This suggests the enzymatic reaction 
S-adenosylmethionine — 5’-methylthioadenosine + homoserine. 
Confidence in the partially enzymatic origin of the nucleoside may be 
derived from the reversibility of this reaction. 5’-Methylthioadenosine 
with and without homoserine was incorporated into yeast cultures, and 
the formation of S-adenosylmethionine was studied. The results listed 
in Table III indicate enzymatic formation of S-adenosylmethionine from 
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5’-methylthioadenosine. The latter exhibits about 35 to 50 per cent of 
the activity shown by equimolar supplements of methionine. The addition 
of homoserine to the culture medium resulted in moderate enhancement of 
the concentration of S-adenosylmethionine; this amino acid appears to be 
readily available in yeast cells (19). The reaction between 5’-methylthio- 


TaBLeE IV 


Effect of Sulfur Supplements in Culture Medium on Concentration of 
S-Adenosylmethionine in Yeast (7. utilis) 


| | | Concentration 
S-adenosy|- 


Sulfur supplement Concentration Yield of cells methionine ie 
yeast 
pumoles per ml. gm. per 100 ml. moles per gm. 
None 4.0 1.1 
L-Methionine 2.0 4.0 2.5 
4.0 3.9 4.0 
6.0 3.8 4.7 
8.0 3.2 5.3 
10.0 5.8 
p-Methionine 2.0 3.9 3.4 
4.0 3.9 5.2 
6.0 3.8 6.6 
8.0 3.7 7.5 
10.0 3.7 8.5 
S-Methyl-L-methionine 4.0 3.7 2.1 
L-Homocysteine 4.0 4.0 3.5 
S-Methyl-_-methionine + L-homocysteine 2.0 
2.0 3.4 12.4 
+ 4.0 
4.0 3.0 20.1 
S-Methyl-.-methionine + L-homocysteine 2.0 
lactone 2.0 3.2 8.2 
S-Methyl-p-methionine + pv-homocysteine 2.0 | 
| 2.0 | 3.8 3.2 


The yeast samples were extracted with perchloric acid (Method B) and analyzed 
by chromatography on Dowex 50 columns. 


adenosine and homoserine may be more complex than as formulated above 
(20). | 

Effect of Sulfur-Containing Precursors—Table IV lists the effects of 
various sulfur-containing precursors on the concentration of S-adenosyl- 
methionine in the yeast. pb-Methionine is more effective than L-methio- 
nine; the possible reasons for this, as well as for the superiority of a com- 
bination of S-methyl-L-methionine with L-homocysteine will be discussed 
later in this paper. The racemic form of methionine is intermediate 
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between the p and Lt forms in its effect. While the relative efficiency of 
the precursors followed in all instances the pattern outlined in Table IV, 
some variability of response was observed between culture cycles; in eval- 
uating other sulfur compounds, reference experiments with L-methionine 
should be included in the series (cf. Table III). 

Earlier experiments (3), which were repeated recently with several 
modifications, show no significant effect of extraneous adenine or adenosine 
on the formation and accumulation of S-adenosylmethionine in yeast 


cells. Another point of interest is the high capacity of yeast cells to pro- 
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Fic. 2. Respiration of 7’. utilis in the presence and in the absence of methionine. 
The Warburg manometric technique was used. Each flask contained 20 mg. of freshly 
harvested and washed cells, 0.1 M phosphate buffer, pH 5.5, and 50 mg. of glucose; 
30.0 nmoles of pL-methionine were tipped in as indicated by the arrow. The center 
well contained 0.1 ml. of 5 N KOH; the total volume was 3.1 ml., the temperature was 
30°, and the gas phase was air. 


duce S-adenosylmethionine. lor this, adenosine triphosphate is needed 
in unusual amounts. One may suspect that the presence of methionine 
in high concentration impedes the carbohydrate metabolism of the yeast 
cells by diverting the supply of adenosine triphosphate. To test this 
possibility the influence of methionine on the respiratory rate was tested. 
lig. 2 shows that there is no decline in oxygen uptake; the gradual increase 
presumably reflects the onset of growth caused by the added nitrogen 
supply. The production of adenosine triphosphate apparently is not a 
limiting factor in the biosynthesis of S-adenosylmethionine by 7’. udzlis. 
Purification of S-Adenosylmethionine—Yeast extract was streaked on 
Whatman No. 3 sheets for chromatography. After development, the 
zone containing S-adenosylmethionine (Rr 0.3) was located with ultra- 
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violet light, cut, and eluted. For separation from adenosine diphosphate 
and triphosphate, S-adenosylmethionine was precipitated as the Reinecke 
derivative (21, 22). To the acid eluate a saturated water solution of 
ammonium reineckate was added in small installments until the super- 
natant fluid assumed a purplish tinge. After some standing at low tem- 
perature, the precipitate was filtered and washed with a minute quantity 
of cold water. The Reinecke derivative may be stored in the dry state or 
decomposed while still moist. Separation of the chromium complex from 
the thionium compound was achieved by repeated extraction of the water 
solution with ether. In handling small amounts we have found the fol- 
lowing procedure more convenient. S-Adenosylmethionine reineckate is 
dissolved in a mixture of acetone and water (1:1) and streaked on What- 
man No. 3 paper; care should be taken so that each sheet receives not 
more than 15 to 20 umoles. Chromatography with a mixture of alcohol, 
water, and acetic acid (65:34:1, v/v) moves the Reinecke acid almost 
with the solvent front, while S-adenosylmethionine migrates to the usual 
position (R- 0.3) from which it may be eluted after drying. 

Adenosylmethionine in the dry state is not stable; this includes the 
material applied to filter papers for chromatography and the compound 
on dried papers after chromatography. Splitting to homoserine and 
methylthioadenosine occurs gradually and is almost complete after 2 
weeks. Chromatographic operations, therefore, should be carried out 
without delay. The safest way of storage in our experience is to keep 
the solutions of S-adenosylmethionine in the frozen state; no changes were 
noticed after several months. The precipitate with Reinecke acid was 
found to be stable for several weeks. 

Identification of Thionitum Compound from Yeast with S-Adenosylme- 
thionine—The earlier work of Cantoni (2) on the properties of S-adenosyl- 
methionine has facilitated the characterization of the material obtained 
from yeast. After purification to homogeneity as judged by paper chro- 
matography, the compound exhibited the characteristic absorption spec- 
trum of an adenine derivative substituted in position 9; the absorption 
maximum at pH 7.0 was at 260 my, in strongly acid medium at 256 mu. 
For lack of crystalline reference material Hy (260 mu) = 15,400 at pH 7.0 
and Ey (256 mu) = 15,000 at pH < 2 were assumed provisionally; these 
values were in accord with our data on repeatedly recrystallized 5’-meth- 
ylthioadenosine and with the quantities of split products obtained by 
hydrolysis. Representative data are listed in Table V. The identity of 
the compound obtained from L-methionine with S-adenosyl-L-methionine 
was borne out by its activity as a methyl donor in the enzymatic conver- 
sion of guanidinoacetic acid to creatine. 

Precursor Effect of Stereoisomers of Methionine—It was observed that 
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both p- and t-methionine stimulate the formation of S-adenosylmethio- 
nine; indeed, p-methionine (see Table IV) surpasses the L isomer in effec- 
tiveness in the culture of strain ATCC 9950 of 7. utilis. The possibility 
had to be considered that p-methionine yields S-adenosyl-p-methionine. 
Transmethylation experiments with S-adenosylmethionine from yeast 
were carried out by using guanidinoacetic acid (25) and homocysteine (26) 
as acceptors. The results indicate that the material obtained with p-me- 
thionine as a precursor is inferior as a methyl donor compared with the 


TABLE V 
Hydrolysis of S-Adenosylmethionine 


Products of hydrolysist 


Precursor of S-ad ylmethioni Concentration* 
5’-Methylthio- 
Ribose adenosine 


pmoles per ml. pmoles per ml.| umoles per ml.| wmoles per ml. 


t-Methionine................. 6.4 6.3 6.4 6.6 
p-Methionine. . 3.7 3.5 3.9 3.7 
sa-Mothionine.. 6.0 6.0 5.8 5.8 
L-methionine . 1.9 1.8 1.8 1.9 


* These values are based on ultraviolet spectrophotometry. 

t The analytical tests were performed after the requisite dilution for each pro- 
cedure and by using the appropriate reference material. Hydrolysis and conver- 
sion of the ribose into furfural was accomplished by heating with the orcinol reagent 
in 6 N HCl in a boiling water bath for 40 minutes (23, 24). Methylthioadenosine and 
homoserine were obtained by heating S-adenosylmethionine at pH values between 
4 and 6 in a boiling water bath for 20 minutes. The products were identified and 
separated by paper chromatography and determined by the nitroprusside reaction 
(9, 10) and the ninhydrin test (11), respectively. A correction had to be made for 
the ninhydrin-positive material present as an impurity on the filter paper and in 
the solvents; for this, empty control sheets were processed and analyzed in the same 


fashion as the samples. 


compound derived from t-methionine. The limited activity of the prep- 
aration derived from p-methionine might be attributable either to partial 
racemization or to concurrent utilization of endogenous t-methionine 
during biosynthesis in the yeast cells. To gain more direct evidence, 
experiments with specific amino acid oxidases appeared desirable to test 
the configuration of the amino acid moiety. S-Adenosylmethionine is 
not attacked by p-amino acid oxidase from animal tissue (see Table VI) 
nor by L-amino acid oxidase from snake venom (2). It is necessary to 
split the amino acid from the thionium compound to render it susceptible 
to amino acid oxidase. Homoserine is most readily obtained from S- 
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adenosylmethionine in slightly acid or neutral medium, but the enzyme 
acts very slowly on this amino acid. L. W. Parks?’ in this laboratory has 
found that alkaline hydrolysis results in the formation of methionine in 
yields ranging from 40 to 60 per cent; the latter is an excellent substrate 
for the amino acid oxidases (27, 28). Table VI lists representative experi- 
ments which indicate that the steric arrangement of methionine is pre- 
served in the biosynthesis of S-adenosylmethionine from L-methionine by 


TaBLeE VI 
Action of Amino Acid Ozidases on S-Adenosylmethionine and Related Compounds 
p-Amino acid oxidase Lt-Amino acid oxidase 
Material examined 
Concentra- Oxygen Concentra- 
tion used hrs.| tion used 
15.0 0 15.0 96 
p-Methionine. . 15.0 97 15.0 3 
DL- Homoeserine . ..| 30.0 12 20.0 11 
S- Adenosylmethionine from L- methionine . .| 31.0 0 17.3 0 
Same, hydrolyzed in 0.1 nN NaOH, 10 min. 
at 100°. e + 19.5 0 15.2 49 
S- Adenosylmethionine from D- methionine. 22.0 0 23 .6 0 
Same, — in 0.1 N NaOH, 10 min. 
at 100°. 47 17.3 18 


The Warburg manometric technique was used. Each flask contained 3.0 ml. of 
the adjusted enzyme and substrate solutions, the temperature was 30°, and the gas 
phase was air. The experiments with p-amino acid oxidase were carried out in 0.06 
mM pyrophosphate buffer, pH 8.3; each flask contained 10 mg. of crude hog kidney 
preparation and 15 units of beef liver catalase. tL-Amino acid oxidase experiments 
were carried out in 0.06 M tris(hydroxymethyl)aminomethane buffer, pH 7.2; each 
flask contained 5 mg. of crude enzyme from snake venom. None of the enzymes 
showed oxygen uptake without added substrate. 


yeast, while the product obtained from p-methionine yields on hydrolysis 
10 to 20 per cent L-methionine in addition to p-methionine. Procedures 
to obtain a uniform product from p-methionine are under exploration. 
The two stereoisomers will henceforth be referred to as S-adenosyl-.- 
methionine and S-adenosyl-p-methionine. 


DISCUSSION 


The observations recorded here indicate that yeast cells possess a high 
capacity for producing S-adenosylmethionine. 't seems reasonable to as- 


31. W. Parks, to be published. 
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sume the same mechanism of reaction between methionine and adenosine 
triphosphate as that observed in liver (2, 20), but there is lack of stereo- 
specificity of the yeast enzymes. 

The greater efficiency of p-methionine in forming the thionium com- 
pound remains to be explained. It may be assumed that a higher con- 
centration of the p-amino acid than of the L-amino acid is maintained in 
the medium and in the cells, because the former is not utilized directly 
for protein synthesis. 

In addition to the a-carbon atom of the amino acid moiety, the sulfur 
atom in thionium linkage is a site of asymmetry. ‘The stereoisomers of 
this type remain to be explored. 

Transmethylations of the type studied extensively in animal tissues 
appear to be less prevalent in microorganisms. In view of this, the po- 
tency of yeasts like Torulopsis and Saccharomyces to produce in high quan- 
tity one of the most important methyl donors, S-adenosylmethionine, is 
surprising. Compared with related data given in our earlier reports (5), 
the yield of the thionium compound has been improved by some changes 
in the culture conditions and supply of precursors. A combination of 
S-methyl-L-methionine with L-homocysteine is most effective as a sulfur 
supplement in the growth medium. The reasons for superiority of this 
mixture, compared with equimolar amounts of methionine, may be as 
follows: 7. utilis is very effective in catalyzing the reaction (29): S- 
methyl-L-methionine + L-homocysteine — 2 L-methionine. The corre- 
sponding p stereoisomers show little effect, because they cannot undergo 
transmethylation to p-methionine (26). The two sulfur compounds with 
L configuration may gain entry into the yeast cell individually and yield 
methionine by transmethylation. In this way a methionine concentration 
appears to be attained inside of the cells which is not equaled if methionine 
is used as the sole sulfur precursor in the medium. Yields of 20 umoles of 
S-adenosylmethionine per gm. of yeast (80 umoles per gm. on a dry weight 
basis) have been observed. Since the molecular weight of the sulfonium 
ion is 398, this yield amounts to more than 3 per cent of the dry weight of 
the yeast. The suitability of this material for the isolation of S-adenosyl- 
methionine on a large scale is indicated. While the methionine content 
of yeasts appears to be almost invariable (30), their content of the adenosy!l- 
thionium compound may vary widely according to the nutritional condi- 
tions. 


SUMMARY 


The culture of Torulopsis utilis in a medium containing pD- or L-methio- 
nine leads to the formation and accumulation of S-adenosylmethionine. 
Methods for extraction, purification, and analysis are reported. Exami- 
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nation of the product with p- and L-amino acid oxidases after hydrolysis 
indicates that the compound derived from L-methionine is S-adenosy]-t- 
methionine; D-methionine as a supplement in the yeast culture medium 
leads to S-adenosyl-p-methionine which is accompanied by significant 
amounts of the L isomer. 

5’-Methylthioadenosine, encountered in earlier experiments with yeast 
extracts, appears to be in part an enzymatic split product, but mainly a 
heat decomposition product of S-adenosylmethionine. 


The technical assistance of Mrs. S. Berliner is gratefully acknowledged. 
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Although the enzymatic synthesis of S-adenosylmethionine was ac- 
complished several years ago (1), there have, as yet, been few reports of 
experiments with this compound. The main reason for the paucity of 
data appears to be the difficulty of obtaining S-adenosylmethionine in 
adequate quantities at a reasonable expenditure of time and starting 
material. 

Cantoni (2) has prepared S-adenosylmethionine by the reaction of 
adenosine triphosphate (ATP) with L-methionine in the presence of puri- 
fied liver enzyme, according to a reaction sequence which, in summary, 
may be written as follows: 


L-Methionine + ATP — S-adenosyl-L-methionine + 3P (inorganic) 


The disadvantages of this method are the need for purified liver enzyme 
and large amounts of adenosine triphosphate and the loss of desired material 
during purification, caused by alkali and by adsorption on the voluminous 
precipitates of inert matter. Part of the latter difficulty has been over- 
come in a recent modification (3) in which Reinecke acid is used for the 
isolation. In our earlier work (4), however, we observed incompleteness 
of precipitation by this reagent. 

The following report describes the preparation of S-adenosylmethionine 
from yeast by a rather simple procedure. It involves stimulation of the 
production of the thionium compound in yeast cells by an excess of methio- 
nine, extraction, and purification, the latter being performed by a new 
procedure which includes chromatography. The metabolizing yeast 
makes the required ATP from glucose, ammonium salt, and phosphate, 
and this is enhanced by the methionine which incorporates the adenosine 
moiety of ATP into S-adenosylmethionine. The observations which led 
to the elaboration of this preparative procedure have been reported in the 
preceding paper (4). 


EXPERIMENTAL 


Accumulation of S-Adenosylmethionine in Yeast—Since commercial 
yeasts rarely have a concentration of S-adenosylmethionine higher than 


* This work was performed under the auspices of the United States Atomic Energy 
Commission. 
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nation of the product with p- and L-amino acid oxidases after hydrolysis 
indicates that the compound derived from L-methionine is S-adenosyl-L- 
methionine; D-methionine as a supplement in the yeast culture medium 
leads to S-adenosyl-p-methionine which is accompanied by significant 
amounts of the L isomer. 


5’-Methylthioadenosine, encountered in earlier experiments with yeast 


extracts, appears to be in part an enzymatic split product, but mainly a 
heat decomposition product of S-adenosylmethionine. 
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Although the enzymatic synthesis of S-adenosylmethionine was ac- 
complished several years ago (1), there have, as yet, been few reports of 
experiments with this compound. The main reason for the paucity of 
data appears to be the difficulty of obtaining S-adenosylmethionine in 
adequate quantities at a reasonable expenditure of time and starting 
material. 

Cantoni (2) has prepared S-adenosylmethionine by the reaction of 
adenosine triphosphate (ATP) with L-methionine in the presence of puri- 
fied liver enzyme, according to a reaction sequence which, in summary, 
may be written as follows: 


L-Methionine + ATP — S-adenosyl-L-methionine + 3P (inorganic) 


The disadvantages of this method are the need for purified liver enzyme 
and large amounts of adenosine triphosphate and the loss of desired material 
during purification, caused by alkali and by adsorption on the voluminous 
precipitates of inert matter. Part of the latter difficulty has been over- 
come in a recent modification (3) in which Reinecke acid is used for the 
isolation. In our earlier work (4), however, we observed incompleteness 
of precipitation by this reagent. 

The following report describes the preparation of S-adenosylmethionine 
from yeast by a rather simple procedure. It involves stimulation of the 
production of the thionium compound in yeast cells by an excess of methio- 
nine, extraction, and purification, the latter being performed by a new 
procedure which includes chromatography. The metabolizing yeast 
makes the required ATP from glucose, ammonium salt, and phosphate, 
and this is enhanced by the methionine which incorporates the adenosine 
moiety of ATP into S-adenosylmethionine. The observations which led 
to the elaboration of this preparative procedure have been reported in the 
preceding paper (4). 


EXPERIMENTAL 


Accumulation of S-Adenosylmethionine in Yeast—Since commercial 
yeasts rarely have a concentration of S-adenosylmethionine higher than 
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1 umole per gm., it is necessary to subject them to a period of fermentation 
in the presence of methionine (Procedure A, see below). An alternative 
is the cultivation of yeast in the presence of methionine, by starting with 
an inoculum of a suitable strain; successive transfers into increasing vol- 
umes of culture medium permit the accumulation of moderate amounts of 
yeast under average laboratory conditions (Procedure B, see below). The 
choice of the procedure will depend on the equipment and other circum- 
stances; for example, laboratory culture of yeast is the preferred method 
if the thionium compound is to be prepared from labeled precursors, from 
p-methionine, or from a combination of S-methyl-L-methionine and _L- 
homocysteine (4). Commercial yeast, on the other hand, is convenient 
for the routine preparation of large amounts of S-adenosyl-L-methionine. 

Procedure A. Treatment of Commercial Yeast with M ethionine—Com- 
mercial bakers’ or brewers’ yeast is suitable; excellent results have been 
obtained with active dry yeast (5) which is sold in food stores for home 
baking purposes. Since this material does not constitute a pure culture, 
it is pointless to sterilize the medium and the container; small amounts of 
air-borne and other contaminants are of no consequence. Brewers’ yeast 
offers the advantage that it settles readily and permits the siphoning of 
the spent culture medium and the washing at the end of the incubation by 
decantation of the wash water, followed by filtration through Filter-Cel. 
Bakers’ yeast must be centrifuged after the fermentation, but it is more 
readily available in commercial pound cakes. 

A 20 liter flask or cylinder is fitted with an effective stirrer and an aera- 
tion device such as an “absorption spreader’ or a suitably bent sintered 
glass filter. An alternative method of aeration is the use of a piece of 
rubber tubing perforated with many small holes; the ends of the tubing 
are joined with a T-shaped connecting tube to form a ring which fits the 
periphery of the bottom of the flask, weighted down to prevent floating. 
The third end of the T tube serves as an air inlet. Into the cylinder are 
introduced 10 liters of medium containing the following ingredients: 
20 gm. of KH2PO,, 10 gm. of KezHPO,, 20 gm. of (NH4)2SO,, 10 gm. of 
trisodium citrate, 3 gm. of MgCl. + 6H20O, 1 gm. of MnSO, + 7H,0, 
1 gm. of CaCl, 1 gm. of ZnSO, + 7H:,O, 150 gm. of glucose, and 7.5 gm. 
of t-methionine. 500 gm. of moist yeast? or 125 gm. of active dry yeast 
are crumbled into the medium at a temperature of about 30°; a suitably 
placed heat lamp is adequate for maintenance of this temperature. Under 
vigorous stirring and aeration a homogeneous suspension is soon formed. 
Excessive foaming may have to be checked by occasional addition of small 
amounts of an antifoam agent such as silicone oil, lard oil, or other material 


1 Obtainable from The Matheson Company, Inc., East Rutherford, New Jersey. 
2 A pound cake of yeast (453 gm.) is a satisfactory alternative. 
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which does not damage the yeast. After 8 hours, another charge of 100 
gm. of glucose is added. The yeast is harvested and washed after 24 to 
30 hours. Bakers’ yeast is centrifuged most conveniently by a basket 
head or Sharples type centrifuge, while brewers’ yeast may be filtered on a 
Biichner funnel with the aid of Filter-Cel. The material is resuspended 
and washed twice with an excess of cold water. It may be stored at this 
stage in the frozen state. 

Procedure B. Cultivation of Yeast in Presence of Methionine—The mix- 
ture of salts specified under Procedure A is dissolved in 5 liters of water 
to give a solution of double strength. This is dispensed in 10 ml., 50 ml., 
and 200 ml. quantities into 125, 500, and 2000 ml. Erlenmeyer flasks, 
respectively; each 500 ml. flask is provided with 1 to 2 gm. of marble 
chips, and the 2000 ml. flasks receive 2 to 4 gm. The flasks are plugged 
with non-absorbent cotton and sterilized for 30 minutes at 121° and 15 
pounds pressure. A 6 per cent solution of glucose (4-fold strength), 
dispensed in 5, 25, and 100 ml. portions, is sterilized for 15 minutes. The 
methionine supplement likewise is prepared separately: a water solution 
of p- or L-methionine containing 20 to 30 umoles per ml. (4-fold strength) 
is dispensed in 5, 25, and 100 ml. quantities and sterilized by heat. A 
heavy inoculum of Torulopsis utilis is used (4). Growth is arranged in 
stages, with a period of 48 hours for each flask before the culture is trans- 
ferred into the next size culture flask and mixed with the requisite amounts 
of glucose and methionine. The temperature should range between 
25-30°; aeration is most conveniently achieved by agitation on a rotary 
action flask shaker.* The cell suspension is decanted from the marble 
chips and washed twice with an excess of cold water. The yield is 10 to 
15 gm. of yeast centrifugate from each large size culture flask. 

Extraction of S-Adenosylmethionine—The washed yeast is extracted with 
4 volumes of 1.5 N perchloric acid with agitation at room temperature 
for 1 hour. The conventional method of extraction with 0.6 N trichloro- 
acetic acid was found to be inadequate. The cell debris is centrifuged; 
a second treatment with perchloric acid yields considerable amounts of 
ultraviolet-absorbing material, but little S-adenosylmethionine. The clear 
supernatant fluid may be stored at low temperature to permit settling and 
removal of inorganic perchlorates; this is not a necessity. 

Chromatography—Dowex 50 resin, 100 to 200 mesh size, 8 per cent 
cross-linked, is used for the purification of the extract. The material is 
washed carefully with 6 Nn H,SO, until the optical density of the super- 
natant solution or effluent is less than 0.02 at 256 mu. It is treated with 
1 n H.SO, prior to its use. Shallow resin beds (3 to 4 cm.) resembling the 
analytical column (4) are sufficient in most instances. The surface area 


3 New Brunswick Scientific Company, New Brunswick, New Jersey. 
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should be 1 sq. cm. for each 50 uwmoles of thionium compound expected. 
After application of the perchloric acid extract, development is begun with 
1 N H,SO,; it is continued until the optical density of the effluent at 256 
my is less than 0.02. About 800 ml. of acid per sq. cm. of cross section, 
at a column length of 3 cm., usually suffice. Undesired coenzymes, nucleo- 
tide fragments, and most of the amino acids are present in the 1 N acid 
eluate. The development is continued with 6 N H,SO, which begins to 
elute S-adenosylmethionine almost immediately. The elution is continued 
until the optical density at 256 my is less than 0.1. About 300 ml. of acid 
per sq. cm. of column surface are needed. The 6 N acid solution is used 
without neutralization for phosphotungstic acid precipitation of S-adeno- 
sylmethionine. If possible, the operations with 6 N acid should be carried 
out in a cold room. 

Phosphotungstic Acid Precipitation—To the 6 N acid eluate is added with 
stirring a 20 per cent solution of phosphotungstic acid. For each 100 
umoles, 10 ml. of the reagent should be used. The precipitation is com- 
pleted after standing for 1 to 2 hours at low temperature. Crystals of 
excessive phosphotungstic acid may settle at this point; they are readily 
dissolved and removed by the wash water in the following step. The 
phosphotungstate is centrifuged and washed with 10 volumes of cold 
water. After centrifugation and decantation, the procedure is repeated 
with 2 volumes of water. Next, the precipitate is dissolved in 4 to 6 
volumes of acetone-water mixture (1:1) to yield a nearly clear solution. 
It should be noted that on centrifugation after the second washing the 
supernatant solution may have a milky appearance indicating decomposi- 
tion; if this should be observed, it is advisable to forego decantation of 
the fluid. Instead, the precipitate is resuspended by shaking and dissolved 
by the addition of the requisite amount of acetone. 

Decomposition of Phosphotungstate—Because of the sensitivity of S- 
adenosylmethionine, the conventional decomposition of phosphotungstates 
by Ba(OH)e is not feasible. Instead, the acetone-water solution is ex- 
tracted with 4 volumes of a 1:1 mixture of isoamyl alcohol and ether; 
after brief shaking, the layers are separated by centrifugation. The upper 
organic solvent phase is siphoned off and discarded. Great care has to 
be taken in this step to avoid any loss of the water phase. The extraction 
is repeated four times with 2 volumes of the organic solvent mixture. 
Gradually, the lower water layer may show a faint cloudiness or a slight 
precipitate which is disregarded. There is a decrease in volume because 
of the loss of water to the organic solvent. This results in a desirable 
concentration of S-adenosylmethionine; if necessary, the volume is re- 
plenished in part by the addition of small amounts of water. Next, residual 
acetone and isoamyl] alcohol are removed by five extractions, each with 
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several volumes of ether. Finally, a stream of nitrogen is blown through 
the solution until no traces of ether can be discerned in the effluent gas. 
The water solution contains much residual sulfuric acid which has been 
carried over in the voluminous phosphotungstic acid precipitate. It is 
neutralized with freshly prepared BaCO 3 suspension‘ to a pH value of 
4; after centrifugation the precipitate is washed with a small amount of 
water, and the wash liquid is added to the main solution. An alternative 


TABLE I 
Isolation of S-Adenosylmethionine from Yeast 
obtained 
Sulfur supplement and its Amount of 
Type of yeast and treatment* concentnation yeast used for After 
isolationt I -4| phospho- 
n 6 Nacid! 
eluate 
treatmentf 
pmoles per ml. of medium gm. pmoles umoles 
Bakers’ yeast, commercial L-Methionine (5.0) 440 3562 3010 
(Procedure A) 
Brewers’ yeast, commercial - (5.0) 513 4105 3555 
(Procedure A) 
Active dry yeast (Procedure 43 (5.0) 127 1910 1550 
A)§ 
T. utilis (Procedure B) “ (6.0) 53 304 225 
p-Methionine (6.0) 60 455 360 


* The sulfur enrichment Procedures A and B are described in the text. 

t The data pertain to moist yeast obtained by centrifugation or filtration. 

t These data were obtained by spectrophotometry of the solutions after the phos- 
photungstic acid procedure. The molecular weight of the sulfonium ion is 398; the 
molar extinction in acid at 256 my is 15,000 and at pH 7.0 and 260 my, 15,400 (4). 

§ In this experiment 25 gm. of dry yeast were processed in 2 liters of medium; the 
harvest was 127 gm. of hydrated cells. 


to the neutralization with BaCO; in this and in later steps is stirring with 
small portions of Dowex 2-HCO>; resin. 

The concentration of S-adenosylmethionine is measured by spectro- 
photometry. Typical yields are summarized in Table I. Graded samples 
ranging from 0.02 to 0.2 umole were chromatographed on Whatman No. 1 
paper with ethanol-water-acetic-acid (65:34:1) to check for ultraviolet- 
absorbing and ninhydrin-responsive impurities (4). In all instances 
S-adenosylmethionine (FR, 0.3) was found to be the predominant material ; 


4 Cold saturated Ba(OH):2 solution may be treated with an excess of solid CO: 
(dry ice) until neutral. After settling of the precipitate, most of the supernatant 
fluid can be removed by decantation. 
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sometimes no other spots were discernible, which indicated that impurities 
of the type revealed by the analytical tests amounted to less than a few 
per cent. Undesired material may include decomposition products of 
sS-adenosylmethionine such as methylthioadenosine (Ry 0.75), adenine 
(Rr 0.63), homoserine (Rr 0.63), and methionine (Ry 0.72); occasionally, 
other amino acids are found. 

Second Chromatography—The removal of impurities is achieved with 
ease by repeating the chromatography with Dowex 50 resin. A much 
smaller resin bed suffices, since the bulk of interfering ions from the yeast 
extract is absent at this stage. The eluting sulfuric acid is increased from 
1 to 4.N, either gradually by a continuous mixing unit or in steps of nor- 
mality units. The solution of S-adenosylmethionine after BaCO; treat- 
ment is acidified and applied to a Dowex 50 column, 6 to 8 cm. in length 
and: with 1 sq. em. surface area for each 500 umoles. Development is 
begun with 1 liter of 1 N H2SO, per sq. cm., followed by 1 liter of 2 N acid. 
S-Adenosylmethionine begins to appear on application of 3 N acid; in some 
instances the elution may have to be speeded by the use of 4 N sulfuric 
acid. The desired compound is easily distinguished from the ultraviolet- 
absorbing impurities, because they precede it in the elution; it constitutes 
by far the largest fraction as judged by density measurements of the 
eluates at 256 my (Hy = 15,000). All fractions which contain more than 
0.02 umole of S-adenosylmethionine per ml. are pooled and treated with 
phosphotungstic acid as described above. After treatment with amyl 
alcohol, ether, and BaCOQO; suspension to pH 4, the clear solution is treated 
with a stream of nitrogen to remove residual organic solvents. The loss 
of material during the second chromatography and phosphotungstic acid 
procedure is from 10 to 20 per cent. No impurities are detectable in this 
material by paper chromatography. 

The final product is concentrated by partial lyophilization. It may be 
neutralized further with BaCO; to a pH value not exceeding 7. ‘Traces 
of Ba++ may be removed by addition of Na2SO,. The material is divided 
into suitable portions and stored in the frozen state; it is stable for many 
months, if the pH value does not exceed 7. 

For shipment or storage in the dry state, precipitation with Reinecke 
acid, Cr(SCN),(NH3)2, may be carried out as described earlier (3, 4). 
This procedure, however, involves loss of material. Lyophilization of 
solutions between pH 3 and 4 yields a product which is stable for several 
days if stored in a desiccator at low temperature. 


DISCUSSION 


The relative simplicity of preparing S-adenosyimethionine in the D or 
L form according to the present scheme is due to the following circumstances 
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and improvements: the unusual capacity of yeast to produce the com- 
pound when supplemented with methionine, the ease of separation from 
other yeast extractives because of the unusual basicity of the sulfonium 
compound, the recognition of its stability in strong acid and its nearly 
quantitative precipitation therefrom by phosphotungstic acid, and, finally, 
improvements in the recovery from the phosphotungstate which, in contrast 
to the conventional methods, take into consideration the lability of S- 
adenosylmethionine toward alkali. 

S-Adenosyl-p-methionine obtained by the present procedure contains 
small amounts of the L isomer; the latter is derived from the L-methionine 
which the yeast synthesizes during growth. Despite an ample extraneous 
source of p-methionine, the reaction of the internal supply of L-methionine 
with adenosine triphosphate is not completely suppressed (4). 


SUMMARY 


A procedure for the isolation of S-adenosylmethionine from yeast is 
reported. The concentration of the sulfonium compound in the cells is 
increased by exposure to methionine. Extraction with perchloric acid, 
chromatography, and precipitation with phosphotungstic acid yield a 
product in which no impurities can be detected by conventional methods. 
The procedure avoids some of the difficulties of earlier methods and makes 
this compound available in quantity at moderate expense and effort. 


The technical assistance of Mrs. 8. Stanford is gratefully acknowledged. 


BIBLIOGRAPHY 


. Cantoni, G. L., J. Biol. Chem., 204, 403 (1953). 
2. Cantoni, G. L., in McElroy, W. D., and Glass, B., Phosphorus metabolism, Balti- 
more, 2, 129 (1952). 

3. Cantoni, G. L., in Colowick, S. P., and Kaplan, N. O., Methods in enzymology, 
New York, 3 600 (1957). 

. Sehlenk, F., and DePalma, R. E., J. Biol. Chem., 229, 1037 (1957). 

. Irvin, R., in Underkofler, L. A., and Hickey, R. J., Industrial fermentations, New 
York, 1, 273 (1954). 


of 
e 
t 


] 
] 
4 
| 


FACTORS AFFECTING PROTEIN SYNTHESIS IN VITRO 
IN RABBIT RETICULOCYTES* 


By HENRY BORSOOK, EDMOND H. FISCHER,f anp 
GEOFFREY KEIGHLEY 


(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena, California) 


(Received for publication, May 10, 1957) 


Rabbit reticulocytes in vitro rapidly incorporate labeled amino acids 
into their proteins. The process is accelerated by the plasma of every 
mammal investigated and also by extracts of normal erythrocytes, rabbit 
reticulocytes, liver, spleen, and yeast (1). We have described two sets 
of stimulating factors: one of these sets consists of certain amino acids (1), 
the other of fructose-amino acids in liver (2-4). The latter set is ineffec- 
tive without the addition of iron to the reaction medium. The effect of 
iron has been referred to in preceding publications (2-5), but without 
detail. After the necessity of adding iron was recognized, in order to 
obtain a maximal rate of protein synthesis the reaction mixture was im- 
proved further by adding to it certain substances which depend upon 
added iron for their effect. These increased the effect of plasma. Eventu- 
ally the total (potential as well as actual) accelerating effects of plasma and 
liver extract were accounted for by known substances. This led to the 
devising of a reaction mixture formula in which the amino acid incorpora- 
tion is about five times as fast as that observed when the cells are incubated 
in saline. 


Procedure 


In all of these experiments the labeled amino acid was carboxyl-C"-L- 
leucine, which had been synthesized as previously described (6). Com- 
parable results were obtained in many other experiments with labeled 
glycine, histidine, and lysine (1, 5). 

Except that calcium and phosphate salts were omitted from the saline 
solution (see below), the experimental procedure throughout, from the 
production of the reticulocytosis to the measurement of the radioactivity 


* This study was aided by a contract between the Atomic Energy Commission, and 
the Division of Biology, California Institute of Technology. It was also supported 
by a research grant from the National Institutes of Health, United States Public 
Health Service, and by a grant-in-aid from the American Cancer Society upon recom- 
mendation of the Committee on Growth of the National Research Council. 

Tt Present address, Department of Biochemistry, Washington University School of 
Medicine, Seattle, Washington. 
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of the heme-free protein, was as previously described (1, 5). The incuba- 
tion time was 4 hours, unless stated otherwise. In these experiments the 
hemoglobin was not separated from the other proteins. The hemoglobin, 
as measured by the method of Drabkin and Austin (7), in the reticulocytes 
as prepared by us is about 15 per cent and constitutes nearly all of the 
dry weight of the material precipitated by trichloroacetic acid. These 
facts and the results of experiments in which the hemoglobin was isolated 
(5) warrant referring to amino acid incorporation into the proteins of 
rabbit reticulocytes as protein or hemoglobin synthesis. 


Results 


Table I is a summary of the main factors we have found which accelerate 
protein synthesis 2n vitro in rabbit reticulocytes. Not included are fructose- 
amino acids whose effects have been described (2-5) and are referred to 
below in discussion of the effect of iron. It is seen that iron and glucose, 
separately or together, had little accelerating effect. The amino acid 
mixture alone caused an increase of 70 per cent. Amino acids and iron, 
but not amino acids and glucose, acted synergistically; glucose acted 
synergistically when added with amino acids and iron. Transferrin, added 
with amino acids, iron, and glucose, increased the rate still further. These 
results indicate that for a high rate of synthesis the constituents of hemo- 
globin, 7.e. amino acids and iron, and an energy source such as glucose 
must be available in adequate amounts. The result with transferrin 
points to the usefulness of an iron-chelating agent even though it may not 
be strictly necessary. 

Amino Acid Mizxture—The amino acid mixture used had the following 
composition expressed as micrograms per ml. of reaction mixture: L-alanine 
45, L-arginine 21, L-aspartic acid 95, L-cysteine 12.5, glycine 100, L-glu- 
tamine 70, L-histidine 90, t-hydroxyproline 37.5, L-isoleucine 10, L-lysine 
65, L-methionine 12.5, L-phenylalanine 65, L-proline 40, pi-serine 90, 
L-threonine 50, L-tryptophan 15, L-tyrosine 37.5, and L-valine 90. L- 
Leucine was provided in the carboxyl-C™ form and at a concentration of 
10-3 m (131 y per ml.). 

Only nine of the above nineteen amino acids were found to be in any 
degree limiting during a 4 hour experiment. These, with the exception of 
leucine, are given in Table II. In other experiments (1) it had been found 
that leucine is severely limiting. 

Three points may be made regarding the results such as those in Table II. 
Amino acids vary in the degree to which they are limiting, histidine being 
the most limiting. In a reaction mixture from which one of the limiting 
amino acids is withheld, the rate is at a characteristic suboptimal level 
from the beginning and persists at this level. Throughout the 4 hours 
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glutamine had an accelerating effect, although added glutamic acid had 
no effect. In separate experiments it was found that C'*-labeled glutamic 


TABLE I 
Factors Accelerating Protein Synthesis in Rabbit Reticulocytes in Vitro 
Amino acid mixture | Iron, 5 y per ml. 50 

- 100 
+ ae -- 170 
+ - + -- 170 
+ + + — 497 
+} + + + 597 


The composition of the amino acid mixture is given in the text. The iron was in 
the form of ferrous ammonium sulfate. The transferrin was a crystalline metal-free 
preparation. 


TABLE II 
Effect of Amino Acid Composition 
The results are expressed as per cent of that in saline alone without added amino 
acids. The complete reaction mixture contained the amino acid mixture described 
in the text, 5 y per ml. of iron as ferrous ammonium sulfate, and 1 mg. per ml. of glu- 
cose. It did not contain transferrin. 


Amino acid composition 1 hr. 2 hrs. 3 hrs. 4 hrs. 

ag without histidine................ 94 87 94 96 

‘¢  phenylalanine...........| 176 183 181 200 

229 237 222 

tryptophan..............| 237 267 264 285 

 glutamine...............| 304 339 353 366 


acid was not incorporated at all, whereas C'*-glutamine was extensively 
incorporated. It was surprising that glutamic acid was not incorporated. 
A low rate of incorporation of labeled glutamic acid might have been 
explained by extensive dilution of the labeled amino acid by the glu- 
tamic acid synthesized within the cell, but there was no incorporation 
whatsoever. In view of the rapid incorporation of glutamic acid into 
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other cells which has been observed, a likely explanation would appear to 
be that glutamic acid is unable to penetrate into the reticulocyte, whereas 
glutamine can. It has been observed that glutamic acid penetrates the 
cells of liver slices slowly (8).! 

The limiting amino acids in rabbit reticulocytes include those which 
are both dispensable and indispensable. It is a reasonable surmise that 
the reason that methionine and threonine (amino acids which are con- 
stituents of hemoglobin and indispensable in the diet of the animal) are 
not limiting is that they are present in the pool of amino acids within the 
reticulocytes in amounts sufficient for the protein synthesis that occurs 
in the 4 hours incubation in vitro. On the other hand, although reticulo- 


TaBLeE III 
Effect of Partial Histidine Deficiency 
The results are expressed as per cent of that in the complete reaction mixture. 


Rate in successive hrs. 
Amount of histidine added to 
otherwise complete reaction mixture 
0-1 1-2 2-3 3-4 
y per ml M 

0 0 23 18 27 23 
9.25 0.575 K 1074 81 30 33 24 
18.5 1.15 xX 10-4 104 77 39 25 
27.75 1.72 xX 10-4 100 98 93 47 
37.0 2.30 X 10-4 100 98 88 80 
46.25 2.87 X 10-4 100 97 98 102 
74.0 5.75 X 10-4 100 100 100 100 


cytes synthesize serine from glycine (1), and presumably also synthesize 
glutamic acid, evidently they do not make enough for a maximal rate of 
protein synthesis. These findings illustrate that the amino acid require- 
ments of different tissues may be quite different from those of the animal 
as a whole. 

Table III shows in more detail how the quality of the amino acid mixture 
may determine the rate of protein synthesis. With suboptimal concentra- 
tions of a limiting amino acid, in this case histidine, the rate is at first 
nearly maximal and then declines, but may remain well above the minimal 
rate. Similar results were obtained with phenylalanine and valine. The 


1 We are indebted to Dr. Eugene Roberts (City of Hope Medical Center, Duarte, 
California) for the demonstration within washed reticulocytes of relatively large 
amounts of both glutamic acid and glutamine. Roberts and Tanaka (12) had found 
that ascites tumor cells possess only a limited permeability to glutamic acid and 
are quite permeable to glutamine. Reticulocytes, evidently, resemble ascites tumor 
cells in this respect. 
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findings are analogous to those in growing animals maintained on a quanti- 
tatively suboptimal protein ration. 

Iron—The effect of the addition of iron to the reaction mixture is shown 
in Table IV. FeSO.(NH,4)2-SO,4-6H2O was used for the most part, ferrous 
chloride was equally effective but less convenient, and ferric chloride was 
almost as effective. To obtain consistent and maximal effects, it was 
necessary to add the iron to the reaction mixture after the reticulocytes as 
the last ingredient before incubation. The reaction mixture was somewhat 
alkaline (about pH 8) before the reticulocytes were added and before they 
were placed under 95 per cent oxygen and 5 per cent carbon dioxide. The 
iron may be precipitated when added at this point. 


TABLE IV 
Effect of Iron 

Reaction my for iron and Concentration of iron Leucine incorporated 
MX 10-5 pmoles per gm. protein 

ch 0 3.9 

0.35 9.3 

as 0.89 12.1 

* 1.79 (1 y per ml.) 17.7 

3.58 19.1 

8.95 19.6 

se 17.90 19.6 


With enough iron added to an otherwise complete reaction mixture, 
about three times as much leucine was incorporated in 4 hours. If one 
assumes that all the leucine incorporated represents newly synthesized 
hemoglobin (a warrantable assumption), data such as those in Table IV 
indicate that about three times as much iron needed to be added to the 
reaction mixture as was incorporated into hemoglobin. The calculation is 
as follows: hemoglobin contains 75 residues of leucine per 4 atoms of iron 
(9,10). Each beaker contained 0.5 ml. of packed cells in 4 ml. of reaction 
mixture, and therefore about 75 mg. of protein, most of which was hemo- 
globin. An increased incorporation of 12 wmoles of leucine per gm. of pro- 
tein corresponds per beaker to an increased incorporation of about 0.5 X 
10 umole of iron into hemoglobin. To obtain this increase the addition 
of 1.6 X 10~ umole of iron per beaker was needed. 

Evidently there is very little iron in reticulocytes available for hemo- 
globin synthesis. The data indicate that some of the iron added to the 
reaction medium was rendered unavailable. This is the interpretation 
we have placed on data such as those in Table V. It is seen that during 
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the Ist hour the addition of a very small amount of iron, between 0.017 ’ 
and 0.044 umole, had a nearly maximal effect, whereas, over a 4 hour - 
TABLE V 
_ Increase in Iron Bound As Hemoglobin with Increasing d 
: Amounts of Iron Added to Reaction Medium aC 
Iron added to reaction medium Total iron bound as hemoglobin during Tacsense tm bound 
iron after addition 
Concentration Total 1 hr. 2 hrs. 4 hrs. of iron 
per ml. pmoles x 10 pmole X 10 10 umole X 10 10 
0 0 0.092 0.14 0.16 
1.0 0.17 0.16 0.21 0.24 0.08 
2.5 0.44 0.17 0.25 0.30 0.14 
5.0 0.89 0.18 0.28 0.34 0.18 
10.0 1.79 0.17 0.30 0.38 0). 22 
20.0 3.58 0.18 0.30 0.38 0). 22 
40.0 7.16 0.18 0.30 0.38 0.22 -- 
re) 7 
Tr 
© 30+ 
= 
= 20+ 
Be 
At 
O i i us 
| 2 3 4 
HOURS op 
Fic. 1. The symbols used are A, a mixture of plasma + amino acids + iron | ha 
+ glucose; O, a mixture of non-protein plasma filtrate dialyzed + amino acids tw 
+ iron; +, a mixture of amino acids + iron + glucose; @ , blank. pe 
pr 
period, between 0.089 and 0.179 umole was required for a maximal increase su 
in hemoglobin iron of only 0.022 umole. ap 
The addition of cobalt (as CoCl2) also accelerated protein synthesis in we 
reticulocytes, but less than iron. Even at 10-* m concentration cobalt of 
effected only a 50 per cent increase in leucine incorporation, as compared 
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with 130 per cent increase by the same concentration of iron. When 
cobalt was added with iron at comparable concentrations, only the acceler- 
ating effect of the iron was obtained. 

Experiments were carried out also with aluminum, manganese, molyb- 
denum, and zinc at concentrations of 0.2 to 1.0 X 10-4m with and without 
added iron. They were all slightly inhibitory when the iron was 10~ M. 


TABLE VI 
Comparison of Accelerating Effects of Plasma (Rabbit) and of Transferrin 


The results are expressed as per cent of value in an otherwise complete reaction 
mixture. 


Amount 

mixture 

ml. y per ml. 
0.001 2.5 118 
20 132 
4 110 
2 100 

Rabbit serum albumin..........| 500 0 97 
Bovine 500 0 98 


At lower concentrations of iron they had no effect. No transferrin was 
used in any of the above experiments with metals. 

Transferrin causes an increase above that obtained in a reaction mixture 
optimal with respect to amino acids, glucose, and iron. A similar effect 
had been obtained with whole plasma (rabbit and human) (Fig. 1); in 
twenty-three experiments rabbit plasma caused an increase of 25 + 12 
per cent over that in an otherwise optimal reaction mixture. The active 
principle was not dialyzable and disappeared upon boiling. Fractionation 
suggested that it might be transferrin. As Table VI shows, this surmise 
appears to have been correct. The estimate in Table VI of the transferrin 
in the plasma added is based on Drabkin’s value of 0.25 gm. per 100 ml. 
of plasma (11). The transferrin used was kindly provided by Dr. J. L. 
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Oncley of Harvard University.2 The specificity of transferrin is attested 
to further by the absence of any effect of rabbit, bovine, or human serum 
albumin. 

Presumably the effectiveness of transferrin comes from its capacity 
to chelate and thus transfer iron. It is surmised that the accelerating ef- 
fects of fructose-amino acids and citrate are for the same reason (2-5); 
the maximal accelerating effect is obtained with about 10~* m transferrin 
and 5 X 10-‘ m fructose-amino acids or citrate. At suboptimal concen- 
trations of added iron, <10-5 Mm, fructose-amino acids or citrate is more 
effective than transferrin; at optimal concentrations of iron, 4 X 10-5 M, or 
higher, transferrin is more effective. 


TaBLeE VII 
Effect of Glucose on Incorporation of Leucine into Reticulocyte Proteins 


Effect of glucose on incor- 


Incorporation, c.p.m. mg. poration, c.p.m. mg. 


ihr. | 2 hrs.| 3 hrs.| 4 hrs.| 1 hr. | 2 hrs. | 3 hrs. | 4 hrs. 
amino 
glucose + amino acids....... 0.42) 3.21) 8.27\10.883 
Percentage increase of incorporation 
effected by glucose............... 2.7 |12.2 |24.2 (29.3 


The added glucose was 1 mg. per ml. The amino acids were the complete mix- 
ture described above, and the iron was 5 y per ml. 


Table VII shows the accelerating effect of glucose added to the reaction 
mixture. It is seen that the effect was little in the Ist hour of incubation 
and became progressively greater, presumably as the carbohydrate initially 
in the reticulocytes was consumed. 

Tables VIII, IX, and X show some results of varying the electrolyte 
composition of the saline in which the cells were incubated. There was 
much less incorporation in an all potassium solution. An all sodium or a 
half sodium half potassium afforded the maximal rate (Table VIII). 
Phosphate was inhibitory, and its inhibitory effect was neutralized by 
magnesium (Table IX). Calcium was inhibitory, and its inhibitory effect 
was relieved by citrate (Table X). After these observations the Krebs- 
Henseleit solution we had used heretofore was modified by omission of 
the calcium and phosphate salts. 


2 It was prepared from human plasma, crystalline, metal-free, and consisted of 
96 per cent 8; metal-binding protein, 3 per cent 8-2 and y- and 1 per cent of a-globu- 
lins. 
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TaBLeE VIII 
Effects of Sodium and of Potassium 


Nature of saline solution Leucine incorporated 


pmoles per gm. protein 


Krebs-Henseleit saline solution.......................... 20:1 
Half sodium + half potassium saline solution............ 19.0 


“All sodium” and ‘‘all potassium”’ saline solutions: the potassium and sodium 
salts of the Krebs-Henseleit solution were replaced by the corresponding sodium 
and potassium salts, respectively. 


TaBLE IX 
Effects of Magnesium and of Phosphate 

Mg POs Leucine incorporated 

M M pumoles per gm. protein 
0 0 18.2 
0.008 0 18.6 
0.0016 0 18.6 
0 0.008 11.0 
0 0.0016 17.6 
0.008 0.008 16.8 
0.008 0.0016 18.6 
0.0016 0.008 15.2 
0.0016 0.0016 17.4 


The basic saline solution was the Krebs-Henseleit mixture from which the calcium 
magnesium and phosphate salts were omitted. 


TABLE X 
Effects of Calcium and of Citrate 

CaCle Citrate Leucine incorporated 

M M moles per gm. protein 
0 0 18.4 
2.8 X 10° 0 11.6 
0 0.25 X 10-3 19.4 
0 1.0 X 10-3 19.1 
2.8 X 10-3 0.25 X 1073 17.3 
2.8 X 1073 1.0 X 10°3 19.7 


The basic saline solution was as in Table XIII. 
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TABLE XI 
Effect of Some Inhibitors 
The results are expressed as per cent inhibition. 
Molar concentration 

10-4 10-5 10°6 
Arsenate. 90 35 4 0 
2,4-Dinitrophenol.. 97 96 24 3 
N-Ethyimaleimide.. 6 0 0 0) 
Diisopropylfuorophosphate. 0 0 0 () 
p-Cl Hg-benzoate.. 95 9 0 0 

TABLE XII 

Effect of Some Inhibitory Metals 
The results are expressed as per cent inhibition. 
Molar concentration 

10-8 10-4 10-5 
Ammonium aluminum sulfate.............. 17 2 0 0 
Potassium aluminum sulfate............... 10 4 4 0 
Antimony potassium tartrate.............. 98 93 5 0) 
Mercuric acetate....................... 100 92 5 0 

TABLE XIII 


Effects of Some Amino Acid, Purine and Pyrimidine Analogues, and Antibiotics 


The results are expressed as per cent inhibition. 


Molar concentration 
5 X 10°? | 1 XK 10°* | 5 K K 104 
Benzimidazole . 19 2 0 0 
2,6- Diaminopurine sulfate.. 18 13 0 0 
8-Azaguanine. . 12 0 0 0 
4- Phthalimido-2, 6- <dimethylpyrimidine 42 0 0 0 
93 1s 6 0 
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Tables XI, XII, and XIII show the effects of a variety of inhibitors at 
a range of concentrations. The most unexpected result was that lead 
(as lead acetate) was the most powerful inhibitor found; it was much more 
inhibitory than antimony, gold, or mercury, which last were about the 
same. Among the antibiotics tested, Aureomycin was the most inhibitory 
and chloramphenicol next; bacitracin, penicillin G, and streptomycin 
caused less than 10 per cent inhibition at 5 X 10-* m. The following 
amino acid, purine and pyrimidine analogues, caused less than 10 per 
cent inhibition at 5 X 10-* m: o-fluorophenylalanine, 3-fluoro-L-tyrosine, 
§-2-thienylalanine, 4-amino-5-imidazolecarboxamide, isoguanine sulfate, 
6-mercaptopurine, 6-aminouracil, 5-bromouracil, 4 ,6-dihydroxypyrimidine, 
and 2-thiocytosine. 


DISCUSSION 


The effects of varying degrees of amino acid deficiency and of iron are 
analogous to nutritional experiments in animals. Even the extraordinary 
toxicity of lead might be cited as an analogue of lead poisoning in vivo. 

These experiments show that different tissues have amino acid require- 
ments which are quite different from the animal as a whole and that the 
amino acid requirement of the animal as a whole is not merely a weighted 


average of that of all the tissues individually. Amino acids made in one 


tissue in excess of need may be used by another tissue that does not synthe- 
size optimal amounts, e.g. serine, tyrosine, and glutamine in reticulocytes. 


SUMMARY 


The effects of a variety of substances added to the reaction medium on 
the rate of protein synthesis in rabbit reticulocytes tn vitro are described. 

1. Protein synthesis was fastest when the amino acid and iron con- 
stituents of hemoglobin, which is the main protein, were present together 
with glucose. 

2. The amino acid in which the reticulocytes were most deficient was 
histidine. When histidine was omitted from an otherwise optimal reaction 
mixture, the rate was a little less than in saline alone. Next in order of 
their deficiency were valine, phenylalanine, serine, lysine, tryptophan, 
tyrosine, and glutamic acid. No evidence was found of a deficiency of 
other amino acids. 

3. Reticulocytes appeared to be impermeable to glutamic acid; however, 
glutamine was extensively incorporated presumably as glutamic acid. 

4. Reticulocytes are deficient in and sensitive to added iron. The 
addition of as little as 3 X 10-° m iron caused a 50 per cent increase in 
protein synthesis. Ferric was almost as effective as ferrous iron. 

5. Some of the iron added to the reaction medium became unavailable. 
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Transferrin (siderophilin) in the reaction medium increased the avail- 
ability of the iron for a longer time. 

6. Cobaltous ions in the reaction medium have an accelerating effect, 
which is less than and not additive to that of iron. 

7. Replacement of all the sodium in the saline solution by potassium 
had an inhibitory effect; replacement of half the potassium by sodium ions 
restored the maximal rate. Phosphate and calcium ions had inhibitory 
effects which were neutralized, respectively, by magnesium ions and 
citrate. 

8. Among a variety of inhibitors lead was the most powerful. Aureo- 
mycin was the most inhibitory antibiotic tested. A number of amino 
acid, purine and pyrimidine analogues were tested. A few were slightly 
inhibitory at concentrations as low as 10-* m, and the remainder were 
not inhibitory. 
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BINDING AND DISTRIBUTION OF INTRAVENOUSLY INJECTED 
C4-STEROIDS AND THEIR METABOLITES IN 
HUMAN PLASMA AND ITS FRACTIONS* 


By H. N. ANTONIADES, R. B. PENNELL, W. R. SLAUNWHITE, Jr., 
AND A. A. SANDBERG 


(From the Protein Foundation, Inc., Jamaica Plain, Massachusetts, and the 
Roswell Park Memorial Institute, Buffalo, New York) 


(Received for publication, January 25, 1957) 


The purpose of this study was to examine the binding of steroid hormones 
and their metabolites to plasma proteins and to find their distribution 
in vivo among the plasma protein fractions. The steroids used were 
labeled with 

The binding of steroid hormones to plasma proteins has been the sub- 
ject of numerous investigations with somewhat divergent findings. Two 
early reports indicated that a significant part of the estrogenic substances 
in the blood is bound to proteins (1, 2). Rakoff e¢ al. (3) published results 
which they interpreted as indicating intimate binding of estrogens, both 
free and conjugated, to plasma proteins of pregnant women. Diczfalusy 
(4) found only small amounts of estrogens bound to protein in the blood of 
pregnant women. Muhlbock (5), however, was unable to demonstrate 
any binding of estrogens to plasma proteins of pregnant animals. Szego 
and Roberts have published studies (6-8) which suggested that most 
of the estrogenic activity of human plasma was associated with the pro- 
teins (6, 7), especially with the 8-lipoproteins present in Cohn’s Fraction 
III-0 (8). Bischoff and Stauffer (9), who did not confirm the findings of 
Roberts and Szego, found that the estrogenic activity was present in the 
II + III supernatant fluid which contains Cohn’s Fractions IV-1, IV-4, V, 
and VI. Gardner (10) examined Cohn’s fractions for 17-ketosteroids by 
the Zimmermann reaction and found that the chromogens were present 
mainly in extracts of Fraction IV-4. Smaller amounts were present in 
extracts of Fractions IV-1 and V. Antoniades e¢ al. (11, 12) demonstrated 
that 2 hours after the intravenous injection of 100 mg. of crystalline estrone 
or estrone sulfate into male volunteers the estrogenic activity in the plasma 
was mainly associated with Fractions IV-1, V, and Supernatant fluid V. 

In this communication the term ‘“‘binding”’ is defined as any association 


* Supported in part by grants (No. C-2561 and No. A-1240) from the United States 
Public Health Service, from the Kresge Foundation, and from other charitable 
trusts and by contributions from companies engaged in business interested in the 
alleviation or cure of human diseases. 
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of steroid with protein as evidenced by the dialysis and ultrafiltration 
techniques described. ‘‘Bound” refers to the state of association and 
“unbound” to the state of dissociation. By the term ‘‘conjugated” is 
meant solely a probable chemical union of sulfuric or glucuronic acid with 
a hydroxyl group on a steroid molecule to form a half ester or a hemiacetal, 
respectively. ‘‘Unconjugated” refers then to the absence of conjugation. 


Material and Methods 


The human plasma employed in this investigation was obtained from 
blood which was collected in an acid-citrate-dextrose solution (ACD) 
prepared according to National Institutes of Health formula A: 8 gm. of 
citric acid-1H.O; 22 gm. of dextrose (anhydrous) and 26 gm. of sodium 
citrate-2H.O; made up to 1 liter with distilled water. 500 ml. of blood 
were collected in 75 ml. of ACD solution. 

Plasma Fractionation—The plasma was separated from the red blood 
cells by centrifugation at 3000 r.p.m. at 2°, and was fractionated by Cohn’s 
cold ethanol Method 6 (13). The paste form of each fraction was dissolved 
in a small volume of 0.15 m sodium chloride, pH 7.0 + 0.3, and lyophilized. 

Radioactive Steroids—The following steroids were generously supplied 
by the Endocrinology Study Section of the United States Public Health 
Service: 4-C'4-cortisol (10 we. per 2.47 mg.), 4-C'4-corticosterone (10 ue. 
per 2.4 mg.), and 4-C'*-A‘-androstene-118-ol-3, 17-dione (5 uc. per 1.5 mg.). 
4-C'4-Progesterone (5 uc. per 0.36 mg.) was generously supplied by Dr. 
George Fujimoto. 16-C-Estrone and 16-C"-estradiol (2.7 uc. per mg.) 
(Charles E. Frosst and Company, Montreal, Canada) and 4-C"*-testosterone 
(5 uc. per mg.) (Raychem Laboratories) were purchased. All radioactive 
steroids were chromatographed on paper before use and the distribution 
of radioactivity was assayed on an actigraph (Nuclear-Chicago model 
C-100). The purity in all cases was 95 per cent or greater. 

Determination of Total Steroid Bound to Plasma Proteins—The extent 
to which an injected radioactive steroid and its metabolites were bound 
to plasma proteins was determined by ultrafiltration and dialysis. Ultra- 
filtrations were performed by the method of Lavieties (14). Approximately 
10 ml. of plasma were subjected to ultrafiltration overnight at 5°. During 
this time 2 to 4 ml. of fluid were expressed. Dialyses were performed by 
placing 10 ml. of plasma in a 23/32 inch NoJax cellulose casing (Visking 
Corporation) and dialyzing against 85 ml. of 0.16 M sodium chloride. This 
system was contained in a 125 ml. Erlenmeyer flask attached to a support 
which moved through an arc of 90° thirty times per minute at 5° for 72 
hours. 

The solutions on both sides of the membrane were extracted and ana- 
lyzed. Protein solutions were treated twice with 50 to 100 ml. of absolute 
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ethanol, which was removed from the supernatant fluid by gentle warming 
(<50°) while a stream of air was directed over the surface. The residues 
dissolved in water, as well as the filtrates and dialysates, were hydrolyzed 
and extracted consecutively by three procedures: hydrolysis with £- 
glucuronidase and extraction three times with ether; continuous extraction 
with ether at pH 1; refluxing with 15 volume per cent hydrochloric acid 
and extraction three times with ether (15). All extracts were combined 
and reduced to dryness. 

Extraction of Plasma Fractions—The lyophilized plasma fractions were 
dissolved in 30 to 60 ml. of distilled water or 0.15 mM sodium chloride and 
extracted three times with equal volumes of chloroform to remove uncon- 
jugated steroids. The conjugated steroids were then extracted from the 
protein with absolute ethanol and hydrolyzed by the procedures described 
above. 

Counting of Radioactivity—Extracts were dissolved in 1.5 ml. of chloro- 
form and 0.5 ml. was plated on steel planchets 1 inch in diameter. The 
radioactivity was counted in a windowless preflash counter with use of a 
preset count of 1000. Each sample was analyzed in duplicate and cor- 
rected to infinite thinness. 


EXPERIMENTAL 


2 uc. of radioactive steroid, dissolved in 2 ml. of absolute ethanol and 
diluted with 30 ml. of saline, were injected intravenously into normal 
volunteer subjects. Blood (500 ml.) was drawn in ACD solution 10 to 
120 minutes later, and the plasma was separated and shipped by air 
express in the frozen state to Boston. It was fractionated immediately 
according to the techniques described above and the lyophilized fractions 
were returned to Buffalo for analysis of radioactivity. 


Percentage of Steroids Bound to Plasma Proteins 


From Table I, it appears that a significant portion of the radioactivity 
(counts per minute per 100 ml. of plasma) is present in the supernatant 
fluid from Fraction V. Since Supernatant ‘fluid V contains very little 
protein, this fraction contains essentially unbound steroids, which vary 
from 24 to 34 per cent for estrone, estradiol, testosterone, and progesterone 
and their metabolites, and from 60 to 75 per cent for corticosterone, 
cortisol, and A‘-androstene-116-ol-3 ,17-dione and their metabolites. | 

These observations are not consonant with the results obtained in earlier 
studies by adding steroids to separated plasma fractions in vitro (16). 
When unconjugated steroids were so added to solutions of the fractions 
made to approximate the concentration of the fraction in the plasma, 
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dialysis and ultrafiltration indicated that 80 to 95 per cent of the added 
steroid was attached to the protein instead of the 27 to 76 per cent indi- 
cated by Table I. These differences might be explained as differing dis- 


I 


Distribution of Bound and Unbound Radioactivity in Human 
Plasma after Injection of C'4-Labeled Steroids 


Bound Unbound 
(Fractions I-V) (Supernatant fluid V) 

Steroid injected 

Te | | te | 
Estrone,* c.p.m. per 100 ml.f.......| 2,155 | 1440 715 | 1,110; 500 610 
66 67f 33f 34 45} 55} 
Estradiol,§ c.p.m. per 100 ml.......| 3,335 | 2130 | 1250 | 1,720 | 340 | 1380 
Testosterone,|| c.p.m. per 100 ml... .| 10,320 | 9625 695 | 3,200 | 2670 530 
76 94 6 24 83 17 
Progesterone,§ c.p.m. per 100 ml...| 3,523 | 3300 223 | 1,520 | 1130 390 
70 94 6 30 75 25 
Corticosterone,** c.p.m. per 100 ml.| 4,827 | 3310 | 1517 |12,480 | 6840 | 5640 
27 69 31 73 55 45 
Cortisol,ff c.p.m. per 100 ml.......| 3,714 | 2223 | 1491 | 5,720 | 2420 | 3300 
40 60 40 60 42 58 
A‘-Androstene,f{{ c.p.m. per 100 ml..| 2,963 | 2554 409 | 7,250 | 5700 | 1550 
29 86 14 71 79 21 


* Blood collected 45 minutes after intravenous injection of 16-C'4-estrone (3,000- 
000 ¢c.p.m.) 

t Counts per minute per 100 ml. of plasma. 

t Percentages are calculated by using the value in the ‘“‘Total’’ column as 100 
per cent. 

§ Blood collected 20 minutes after intravenous injection of 16-C'4-estradiol-17 
(1,100,000 c.p.m.). 

|| Blood collected 20 minutes after intravenous injection of 4-C'4-testosterone 
(2,800,000 c.p.m.). 

{ Blood collected 15 minutes after intravenous injection of 4-C!*-progesterone 
(1,680,000 c.p.m.). 

** Blood collected 20 minutes after intravenous injection of 4-C'*-corticosterone 
(1,530,000 ¢.p.m.). 

tt Blood collected 120 minutes after intravenous injection of 4-C'*-cortisol (2,970,- 
000 c.p.m.). 

tt Blood collected 10 minutes after intravenous injectio of 4-C'*-A‘-androstene- 
118-0l-3,17-dione (3,040,000 c.p.m.). 


tributions obtained from in vitro as compared with in vivo studies or they 
might be due to artifacts produced by the fractionation scheme. Three 


studies were performed to elucidate this point: (1) the extent of binding of 
steroids to unfractionated plasma was measured as a function of time 
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after intravenous administration; (2) steroid was added to plasma in vitro 
and the plasma was then fractionated and distribution of steroid among the 
fractions determined; (3) steroid was added in vitro to human albumin, 
which was then precipitated at pH 4.7 and 40 per cent ethanol, according 
to the standard technique of Method 6, both the precipitated albumin and 
the supernatant fluid being tested for radioactivity. | 

Samples of blood (30 to 50 ml.) were withdrawn from nine volunteers at 
intervals after intravenous injection of radioactive testosterone and from 
three volunteers after injection of radioactive cortisol. The plasma was 
separated quickly and 10 ml. of plasma from each sample were submitted 
to ultrafiltration and dialysis. From 88 to 94 per cent of both testosterone 
and cortisol were found to be bound by the plasma proteins. This was 
true both for plasma withdrawn 10 to 30 minutes after steroid infusion 


TABLE II 


Distribution of Unconjugated Radioactivity in Plasma after Addition in Vitro of 
Estrone-16-C'* (18380 C.p.m. per 100 MI. of Plasma) 


Bound Unbound 
Unconjugated estrone Plasma Fraction No. 
Total bound |Supernatant 
fluid V 
I II+ III} IV-1 IV-4 
C.p.m. per 100 ml.*...... 588 27 | 111 | 227 +|27 | 196 600 
49.5 4.5 19.1 | 38.6| 4.5} 33.4 50.5 


* Counts per minute in each fraction present in 100 ml. of plasma. 

t The percentages represent the breakdown of the total radioactivity of Frac- 
tions Ito V. Bold-faced values represent fractions containing preponderant parts 
of radioactivity. 


and for plasma withdrawn 1 to 2 hours after infusion, at which time pre- 
sumably little unconjugated steroid remains. It would thus appear that 
essentially all of the injected steroid is rapidly bound and that the interval 
between injection and phlebotomy is without effect on the percentage of 
injected steroid bound to plasma proteins. This experiment corresponds 
with the in vitro studies mentioned earlier. 

16-C'*-Estrone (3000 c.p.m.) was added to 225 ml. of human plasma. 
The plasma was fractionated according to the methods described and the 
fractions obtained were examined for radioactivity. The results (Table 
IT) again show somewhat more than half the radioactivity after fractiona- 
tion occurs in Supernatant fluid V in which there is little plasma protein. 
Moreover, the distribution of radioactivity among the plasma fractions is 
seen to be entirely similar to that found after in vivo studies (Table III). 
There is thus no evidence of different distribution after addition of steroid 
to plasma in vitro from that found after administration in vivo. 
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16-C'4-Estrone (1500 c.p.m.) was added to a 3 per cent solution of human 
serum albumin (Fraction V) in 0.15 mM NaCl solution. The albumin was 
then precipitated at —5°, 40 per cent ethanol, and pH 4.7, which are the 
conditions for the separation of albumin according to the cold ethanol 
fractionation Method 6 (13). Both albumin precipitate (Fraction V) and 
the supernatant fluid (Supernatant fluid V) were tested for radioactivity. 
Only 34 per cent of the total radioactivity was present in the precipitated 
albumin as compared to the 92 per cent found bound to albumin before 
the ethanol precipitation in the earlier study (16). This experiment 
suggests that the conditions of the fractionation Method 6, which are 
used for the separation of Fractions I1V-4 (40 per cent ethanol, pH 5.8) 
and V (40 per cent ethanol, pH 4.7), can dissociate an appreciable portion 
of at least unconjugated steroid from the plasma proteins present in these 
fractions. Although no direct data are available to verify the similar 
behavior of conjugated steroids, Table I indicates that the steroid of 
Supernatant fluid V (unbound) is about equally conjugated and uncon- 
jugated, suggesting no real difference between the two forms in respect to 
dissociation under the conditions of fractionation. 

The above studies show that steroids added in vitro or by intravenous 
infusion are essentially completely bound to the proteins of plasma. An 
appreciable portion of the bound steroids is, however, dissociated under 
the conditions of the conventional cold ethanol fractionation Method 6. 


Amount of Steroids and Their Metabolites Carried by 
Plasma Fractions (Table IIJ) 


The data of Table III reveal those fractions which carry the preponder- 
ance of the radioactive steroids, and the radioactivity of the total fraction 
is recorded. 

Fraction V (albumin) and Fraction IV-1 (a-globulin, cholesterol, and 
small amounts of albumin) appear to be the fractions most important in 
the transport of steroids and their metabolites. Fraction V is seen as the 
predominant carrier for six of the seven conjugated steroids and for three 
of the seven unconjugated compounds. Fraction IV-1, in this table, is the 
predominant carrier for two unconjugated steroids and one conjugated 
steroid while unconjugated cortisol is found equally in the two fractions. 
Unconjugated A‘-androstene-118-ol-3 ,17-dione is unique among the steroids 
studied in being associated with Fraction V and Fraction IT + III (8-lipo- 
protein and @- and y-globulins) rather than with Fractions V and IV-1. 

The distribution of steroids and their metabolites per gm. of protein! 


! The average weight of protein in each fraction per 100 ml. of plasma is as follows: 
Fraction I, 375 mg.; Fraction II + III, 1500 mg.; Fraction IV-1, 600 mg.; Fraction 
IV -4, 580 mg.; Fraction V, 3000 mg.; Supernatant fluid V, 75 mg. 
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calculated from the data presented in Table III, again indicates Fractions 
V and IV-1 to be the predominant carriers of steroids. 
tion IV-1 is the more active component in this respect, being the most active 
carrier for six of the seven unconjugated steroids and for four of the seven 


Injection of C'4-Labeled Steroids 


TABLE III 
Distribution of Radioactivity Bound to Human Plasma Fractions after 


Of the two, Frac- 


Steroid injected 


Estrone,* c.p.m. 
ml.f. . 
Estrone,* 
Estradiol,* c.p.m. 100 
ml.. 
Estradiol, 
Testosterone,* c.p.m. per 
100 ml.. 
% 
Progesterone,* c.p.m. “per 
100 ml.. 
% 
Corticosterone,* c oun. per 
100 ml.. 
Cortisol,* ¢.p.m. per 100 ml. 


per 100 


At-Androstene,* c.p.m. per 


100 ml.. 
Af. Androstene,* % 


Conjugated 


Unconjugated 


Plasma Fraction No. 


Plasma Fraction No. 


35 1135 125 (35 (|165 /|160 
9.4 8.0) 71.5) 5.0) 23 22.4 
75 25 445 (185 |1400 (60 (155 (260 
1.2) 20.8 8.7] 65.8 5.0) 13 | 21 
(665 750 (320 |7550 (15 |(160 (105 
3.5) 6.9 7.8 3.3) 78.6) 2.3) 22.9, 15.2 
1130 (1000 (140 j|1580 (13 40 95 
13.6) 30.3) 4.2) 48 5.8 17.9) 42.6 
130 (140 (1720 (280 |1040 (44 (350 (840 
3.9 4.2) 62 8.5) 31.4) 2.8; 23 55.5 
86 1323 613 91 (73 (336 |464 
14.4 49.7); 4.9 22.5) 31.1 
1165 (410 165 (284 |1530 (22 53 
6.4) 16.0 6.5) 11.2; 60 5.4) 39.1) 13 


* See Table I. 


t Counts per minute in each fraction present in 100 ml. of plasma. 
t Percentages represent breakdown of the total radioactivity of Fractions I to V. 
Bold-faced values represent the fractions containing preponderant parts of radio- 


activity. 


conjugated. The conjugated form of estrone, testosterone, and A‘-andro- 
stene-11-ol-3 ,17-dione is actively associated with the albumin of Fraction 
V. Unconjugated A‘-androstene-116-ol-3,17-dione is again unique in 
associating most actively with Fraction IT + IIT. 


DISCUSSION 


The present work lends support to the concept that steroids introduced 
into the human vascular system are quickly associated with plasma pro- 
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teins. This association is predominantly with the smaller, more highly 
charged proteins of plasma. Albumin is the protein with which the greatest 
portion of the steroid is bound. This is true, at least in part, because 
albumin is the predominant plasma protein. The data indicate, however, 
that a portion of the steroid is associated with the a-globulins of Fraction 
IV-1 and most probably with a- and 8-globulins of Fraction IV-4. This 
is completely in accordance with earlier observations on the distribution 
of infused estrone among the plasma proteins (12). The avidity of the 
a-globulins for binding steroid, based on steroid bound per gm. of protein, 
is at least as great and perhaps greater than that of albumin. 

The most commonly used system of separating the plasma proteins from 
one another (cold ethanol Method 6 of Cohn et al. (13)) has been shown 
to alter the binding of at least one steroid, estrone, to albumin, and it 
seems most probable that the fractionating system similarly alters the 
binding of other steroids, since the data of Table I show estrone distribution 
in fractionated plasma to be similar to that of the other six steroids studied. 
One can assume that at least two and probably three of the variables 
employed in the separation of plasma proteins by the cold ethanol Method 
6, 2.e. pH, dilution, and ethanol concentration, could effect dissociation of 
loosely bound steroid from plasma protein. The conditions for the separa- 
tion of Fractions I, II + III, and IV-1 are moderate. It is only in the 
separation of Fractions 1V-4 and V that conditions are used which might 
cause real concern. The major error in interpretation which results from 
this effect of the fractionating technique has been the suggestion that an 
appreciable portion of infused steroid may circulate in the plasma unbound 
to protein. This does not appear to be true. There is no evidence that 
the fractionating system has given rise to misinterpretation of those 
plasma proteins which bind steroid. 

The steroids studied would appear to fall into two groups according to 
radioactivity found in Supernatant fluid V (Table I). Approximately 
one-third of the activity of estrone, estradiol, testosterone, and progesterone 
appeared in this fraction and two-thirds of the activity of corticosterone, 
cortisol, and A‘-androstene-118-ol-3,17-dione appeared in Supernatant 
fluid V. At least one of these three, cortisol, is essentially completely 
bound to plasma proteins before fractionation. The increased radio- 
activity of Supernatant fluid V after infusion of corticosterone, cortisol, 
and A‘-androstene-118-ol-3 ,17-dione can hardly mean that the metabolites 
of these steroids are bound to plasma proteins to a lesser extent than 
are the other four. It must indicate that a greater portion of these three 
is bound to Fraction V and probably Fraction IV-4 from which it is dis- 
sociated by the fractionation process. 

From the viewpoint adopted in the consideration of the present data, 
albumin would appear to bind both conjugated and unconjugated forms 
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of steroids equally (Table III). The conjugated steroids are, however, 
more tightly bound to albumin since a greater portion of conjugated form 
remains with albumin through the fractionating procedure. The increased 
polarity of the conjugated form might be expected to favor association 
with albumin. 

The amount of steroid injected in these experiments was kept as small 
as possible. 0.14 mg. of progesterone and 0.5 to 0.7 mg. (2 uc.) of the 
other steroids were administered. These amounts, although in excess over 
the normal plasma levels, were required for the determination of the 
radioactivity. 


SUMMARY 


A number of C'*-labeled steroid hormones were injected intravenously 
into normal subjects. Blood was collected 10 to 120 minutes after injection 
and the plasma was fractionated by Cohn’s cold ethanol Method 6. Un- 
conjugated and conjugated steroids were extracted separately from each 
fraction and were analyzed for radioactivity. Most of the protein-bound 
radioactivity in plasma was found to be associated with Fractions IV-1 
(a-globulins, cholesterol) and V (albumin). Approximately one-third 
of the radioactivity of estrone, estradiol, testosterone, progesterone, and 
their metabolites, and two-thirds of the radioactivity of corticosterone, 
cortisol, A‘-androstene-118-ol-3 ,17-dione, and their metabolites appeared 
as unbound radioactivity present in the Supernatant fluid V fraction. 
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THE TRANSFER OF SULFATE AMONG PHENOLIC COMPOUNDS 
WITH 3’,5’-DIPHOSPHOADENOSINE AS COENZYME* 


By JOHN D. GREGORYfT anp FRITZ LIPMANNT 


(From the Biochemical Research Laboratory, Massachusetts General Hospital, 
and the Department of Biological Chemistry, Harvard 
Medical School, Boston, Massachusetts) 


(Received for publication, June 27, 1957) 


Nitropheny! esters have been used extensively for the determination of 
hydrolases, the phosphate having been introduced by Huggins and Smith 
(1) for phosphatase assay. The sulfate has been used lately in particular 
by Roy (2) for arylsulfatase determination. Sulfate activation and 
transfer, however, have been studied with various phenols as sulfate 
acceptors (3-5). When work on sulfate activation was started in this 
laboratory, it seemed of advantage to use p-nitrophenol, which behaves 
as a transfer indicator because of the disappearance of the colored anion 
on esterification. In the course of these experiments, a number of observa- 
tions were made which indicated a reversible reaction between active 
sulfate (PAPS)! (6) and nitrophenol. The present paper deals in detail 
with various aspects of this reversibility. 

The enzyme, phenol sulfokinase, which catalyzes this reaction, appears 
to have a rather broad activity covering a large variety of phenolic com- 
pounds. It is, however, specific with regard to PAPS. If reasonably 
high concentrations of p-nitrophenyl] sulfate are used, the reverse reaction 
can be observed in which sulfate is returned to the residue PAP. This 
system may be used for assay of PAP and is particularly effective if supplied 
with an additional sulfate acceptor, the sulfate potential of which is far 
below that of p-NPS, and the enzyme then catalyzes a transfer of sulfate 
from p-NPS to phenol, which is dependent on the presence of PAP as 
sulfate carrier. 


lfoki 
p-NPS + phenol = — > p-NP + phenyl sulfate 


* This work was supported by grants from the Life Insurance Medical Research 
Fund and the American Cancer Society. 

t Present address, The Rockefeller Institute for Medical Research, New York 21, 
New York. 

! The following abbreviations are used: PAPS, 3’-phosphoadenosine-5’-phospho- 
sulfate; PAP, 3’,5’-diphosphoadenosine; p-NP and p-NPS, p-nitrophenol and its 
sulfate ester; 3,5-DNP and 3,5-DNPS, 3, 5-dinitrophenol and its sulfate; AMP, ADP, 
and ATP, adenosine mono-, di-, and triphosphates; Tris, tris(hydroxymethyl)amino- 
methane; EDTA, ethylenediaminetetraacetic acid. 
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PAP acts as a coenzyme and may be detected in concentrations as low 
as 10-7 mM. Some of the properties of this system will be described here, 
as well as measurements of the equilibrium between p-NP or 3,5-DNP 
and the natural sulfate donor, PAPS. 


Materials 


Substrates—p-NP (Eastman Kodak Company) was crystallized twice 
from water and dried in a vacuum over P,O;. The molar extinction coeffi- 
cient at 400 my in 0.1 N NaOH was 18.2 X 10%. 

3,5-DNP was prepared from 1,3,5-trinitrobenzene by way of 3,5- 
dinitroanisole (7). After recrystallization to constant melting point from 
water-ethanol and from water and drying in vacuo over P.O; at 80°, the 
molar extinction coefficient at 400 my in 0.1 N KOH was 2.40 X 10°. 

The potassium salt of p-NPS was made by the method of Huggins and 
Smith (1) with the following modifications: after the reaction period it 
was found necessary to add 4 mM KOH rather than 0.4 to liberate the 
product, which was then collected directly by suction filtration. A 
washing on the filter with 95 per cent ethanol and two recrystallizations 
from 80 per cent ethanol gave small white needles in 43 per cent yield. 
The optical density of an alkaline solution of this material at 400 mu 
indicated less than 0.13 per cent of free nitrophenol. 

The potassium salt of phenyl sulfate was prepared in the same way in a 
yield of 20 per cent after two crystallizations from water. 

The potassium salt of 3,5-DNPS was synthesized under the same condi- 
tions. After addition of KOH, the reddish solid, collected on a sintered 
glass filter, was washed with 95 per cent ethanol until the washings were 
colorless. The product was crystallized three times from 50 ml. or less 
of water as almost white platelets; no sulfate was detectable in the final 
mother liquor. The dried material gave the following analysis: 


Calculated, C 23.84, H 1.00, S 10.61; found, C 23.22, H 1.75, S 10.16 


Other phenols were commercial products without additional purification. 

Isolation of PAP—Good sources of PAP were found in crude prepara- 
tions of ADP and ATP, generously provided by Dr. 8. A. Morell of the 
Pabst Laboratories. A partial purification was effected by the chromatog- 
raphy of the crude ATP on Dowex 1 formate columns (8) with 2 N formic 
acid used as eluent. The PAP followed closely after ADP, which was 
also present. The yields of several runs, recovered by freeze-drying, 
were combined and again chromatographed under the same conditions. 
The recovered material seemed to contain 16 per cent of non-nucleotide 
substance calculated from the ultraviolet absorption.. The nucleotide 
content being assumed to be entirely diphosphate, all calculations were 
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based on total phosphate determinations, and the data in Table I were 
obtained. 

Only a single zone, in the diphosphate region, could be observed after 
electrophoresis on Whatman No. 31 double thick paper in 0.025 mM sodium 
citrate buffer at pH 5.9. The sample contained no detectable ADP (9), 
but the low PAP assay might have been due to the presence of some 
2’ ,5’-diphosphoadenosine, which would not have been separated from 
PAP. As shown below, the 2’ ,5’-di-phosphoadenosine does not react sig- 
nificantly in the enzymatic assay. 

PAP Analogues—3’ ,5’-diphosphoinosine was made by bubbling N.O; 
gas through a 0.001 M solution of PAP in 2 N acetic acid. After 3 hours, 
the solution was freeze-dried, taken up in water, and subjected to electro- 


TABLE 
Analytical Values on PAP Relative to Total Phosphate 


moles 
Total phosphate 2.0 
7 min. hydrolyzable phosphate.......................... 0.33 
Adenine (by using e260 = 14.5 X 108).................... 1.08 


* This value depends upon the standard chosen. The one given is based on a 
sample of PAPS made by quantitative enzymatic phosphorylation of a standardized 
adenosine-5’-phosphosulfate preparation by Dr. P. W. Robbins (Robbins and Lip- 
mann (6)). PAP and PAPS give identical response in the cofactor assay system. 


phoresis on paper in 0.04 m sodium citrate buffer at pH 3.5. The single 
resulting zone, no longer corresponding to PAP, was eluted with water. 

2’ ,5’-Diphosphoadenosine was prepared by decomposing triphospho- 
pyridine nucleotide with Crotalus adamanteus venom by the method of 
Wang, Shuster, and Kaplan (10). Electrophoresis of an aliquot on paper 
at pH 5.9 gave a single zone with the same mobility as PAP. The prod- 
uct was isolated by elution from a small Dowex 1 formate column with 
2 N formic acid and the concentration determined by optical density 
(by using €0 = 14.5 X 10% in 0.1 N HCl). 


EXPERIMENTAL 


Assay of Phenol Sulfokinase—p-NP is colored only in the dissociated 
form, and the pK is 7.2 (11). The assay was carried out at pH 7.8, in 
order to be within the optimal range for enzyme activity and, at the same 
time, to obtain a good yield of color (about 80 per cent) for continuous 
measurement of the liberation of p-NP from its sulfate. All measure- 
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ments were made at room temperature at 400 my in a Beckman model 
DU spectrophotometer. 

The following assay mixture was used: 100 umoles of Tris hydrochloride 
buffer, pH 7.8, 0.5 umole of p-NPS, 0.5 umole of phenol, and 0.001 umole 
of PAP, ina volume of 0.9 ml. 0.1 ml. of enzyme diluted in neutralized 
0.1 m glutathione was added to this in a cuvette (1 ml., 10 mm. light 
path), and readings were begun immediately. The number of seconds 
required for a change in optical density of 0.100 was recorded, the usual 
time being from 1 to 5 minutes. The unit of activity was defined as the 
quantity of enzyme giving a rate of change of 0.100 per minute, and this 
rate was linearly related to the amount of enzyme up to at least 1 unit. 

Preparation of Enzyme—Two methods were used in the preliminary 
preparation of phenol transfer enzyme. All operations were carried out 
at 2° or in an ice bath. 

The liver from a male rabbit was chilled and minced in a Waring blendor 
for 30 seconds with 3 volumes of 0.05 M potassium phosphate buffer at 
pH 7.4, containing 0.01 m EDTA. The suspension was centrifuged 30 
minutes at about 25,000 X g ina Servall centrifuge. To the milky super- 
natant fluid (12 units per ml., 0.4 unit per mg. of protein) was added 0.10 
volume of fresh 2 per cent protamine sulfate, and the suspension was 
cleared by centrifugation for 20 minutes. This solution (9 units per ml., 
0.5 unit per mg.) may be treated with 0.33 volume of alumina Cy gel sus- 
pension (13 mg. per ml. dry weight) in order to remove sulfate-activating 
enzymes, but a little transfer activity may be lost. 

Ammonium sulfate was added to the reddish solution to 50 per cent 
saturation. The precipitate was collected and suspended in a_ small 
volume of Tris or phosphate buffer at pH 7. In some cases the suspension 
was dialyzed against buffer to aid solution. The clear solution after 
centrifugation (45 units per ml., 1.0 unit per mg.; over-all recovery, 86 
per cent) was used for most of the transfer experiments. 

In PAP assay experiments with this preparation, there was always some 
appearance of color at 400 my even in the absence of added PAP, and this 
blank was not lowered by dialysis of the enzyme, by treatment with Dowex 
1, or by ammonium sulfate fractionation. The blank was dependent upon 
the presence of phenol and therefore not due to arylsulfatase activity. 
The following procedure gave an enzyme less amenable to fractionation 
but with no detectable blank. 

A particle-free extract of rabbit liver was made by the procedure of 
Hilz and Lipmann (12). This was treated with 0.33 volume of alumina 
gel and concentrated by precipitation at 85 per cent saturation of ammo- 
nium sulfate. Concentration with better recovery can be attained by 
freeze-drying the gel supernatant fluid rather than by precipitation. 
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Much variation was found among rabbits, the activity of the original 
extract ranging from 2 to 15 units per ml. without any evident correlation 
with sex or size. | 

The phenol sulfokinase has maximal activity at pH 7.0 to 8.0 (Tris, 
triethanolamine, or phosphate), with about half the rate at pH 9.0 (2-amino- 
2-methyl-1 ,3-propanediol), and very little activity at pH 6.0 (citrate). 
These measurements of p-NP were made on aliquots in alkaline solution, 
but, for routine direct assay purposes, pH 7.8 was chosen as giving good 
activity combined with high optical density of p-NP. Magnesium or 
manganous ions had no effect on the rate up to 0.001 M, nor did EDTA, 
fluoride, pyrophosphate, molybdate, or tungstate up to 0.01 mM. Treat- 
ment of the enzyme with a sulfhydryl compound is necessary for maximal 
activity, and in all cases dilutions were made in 0.1 M neutral glutathione 
10 minutes or more before use. 


TABLE IT 


Per Cent Relative Activity of Transfer Enzyme toward 
Various Phenols and Other Compounds 


Phenol 100, Pyroecatechol 25 | a-Naphthol 0 
Photol 100; Phloroglucinol 23 | Salieylie acid 0 
Resorcinol 70, Methyl salicylate 22 | Cholie acid 0 
3-Pyridinol 61; p-Cresol 17 | Deoxycholie acid 0 
Hydroquinone 26 p-Hydroxybenzoie acid 3 | Dehydroisoandrosterone | 0 

(Cyelohexanol 0 


Specificity toward Phenols—The specificity of the enzyme preparation 
used in these experiments was assayed in a mixture containing all of the 
ingredients noted above except phenol, which was replaced by 0.5 umole 
of the acceptor to be tested. Activity was recorded as the rate of appear- 
ance of p-NP relative to the rate with phenol as acceptor (Table II). 

The activity pattern is similar to that of the phenol detoxication mech- 
anism in vivo (13). The progress of purification does not yet permit an 
unambiguous decision as to whether a single enzyme is responsible for 
the whole range of activity toward phenols. Separate enzymes are known, 
however, to account for the transfer of sulfate to steroid hydroxyl groups 
and to estrone (14).? 

Assay of PAP—A mixture similar to that above was used for PAP 
assay, except that the unknown was substituted for PAP, and the reaction 
was started by the addition of 1 unit of enzyme. Since the rate was not 
linearly related to the amount of PAP, it was necessary to establish a curve, 
such as that in Fig. 1, by using standard amounts of PAP and to deter- 


? Unpublished data. 
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mine the concentration of unknowns from the curve. <A preparation of 
ADP containing about 2 per cent PAP (Pabst lot No. 602) has often been 
used as a standard and is perfectly satisfactory. PAPS has exactly the 
same molar activity as PAP in the assay. 

Many substances were tested for possible cofactor activity, including 
triphosphopyridine nucleotide, AMP-2’, AMP-3’, and the mono-, di-, 
and triphosphates of adenosine, cytidine, inosine, guanosine, and uridine. 
None of these had more than 0.25 per cent of the activity of PAP, and 


0.04 


0,03 


4 0.0./min. 


0.02 


0.01 


0 0.2 0.4 0.6 0,8 
Millimicromoles PAP 
Fic. 1. Release of p-NP as measured at 400 my during transfer of sulfate from 
p-NPS to phenol in the presence of PAP. 


most of them had far less. Coenzyme A (Pabst 85 per cent pure) was 
found to have more than 10 per cent of PAP activity, whether from original 
contamination or from cleavage of the pyrophosphate linkage of coenzyme 
A (which contains the 3’ ,5’-diphosphate configuration (10)) is not known. 
3’,5’-Diphosphoinosine, prepared as described, had no activity whatever 
and did not inhibit PAP in equimolar concentration. 2’ ,5’-Diphospho- 
adenosine gave a rate corresponding to 1.4 per cent PAP; this might be due 
to a small amount of rearrangement of the phosphate group between the 
2’ and 3’ positions under acid conditions (15). 

An experiment was carried out to determine the distribution of PAP in 
the tissues of a rabbit. Suspensions of the various ground organs were 
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made at approximately the same concentration in terms of wet weight and 
were boiled for 5 minutes. The supernatant fluid after centrifugation was 
assayed (Table III). The significance of these results must be judged 
with an eye to the coenzyme A content of the tissues (16), since PAP 
may be a by-product of sulfate incorporation or may merely result from 
autolytic hydrolysis of coenzyme A. 

Equilibria—The equilibrium of the transfer of sulfate hetiveen p-NP and 
PAP was measured at three concentration ratios. The reaction mixture 
contained, for example, 500 umoles of Tris buffer at pH 7.8, 5 umoles of 
p-NPS, 0.5 umole of PAP, and 5 units of enzyme in a volume of 5 ml. 
This and a blank lacking PAP were incubated at 30°, and at intervals 
0.5 ml. aliquots were removed and added to 0.5 ml. of N KOH. The 
optical density of this solution was a measure of the total concentration of 
p-NP, equilibrium being reached in 2 to 3 hours. The slow appearance 


TaBLeE III 
PAP Assay of Tissues 
No PAP in skeletal muscle, heart, diaphragm, intestinal mucosa. The values are 
given in millimicromoles per gm. of wet weight. 


Liver 18 Adrenal 4.0 ca. 
Ovary 4.8 Lung 3.9 
Cartilage 4.5 ca. Kidney 3.0 
Spleen 4.4 Brain 0.8 


of p-NP in the blank was assumed to be due to hydrolysis, and the total 
p-NP was accordingly corrected to give p-NP formed by transfer; 7.e., 
PAPS formed. Remaining p-NPS and PAP were calculated by difference. 
The apparent equilibrium constants of the p-NPS-PAP and the 3,5- 
DNPS-PAP transfers were calculated from the following expressions (see 
Table IV): 


[p-NPS] X [PAP] [3:5-DNPS] x [PAP] 
[p-NP] [PAPS] [3,5-DNP] X [PAPS] 


Kapp = 


Two different enzyme samples were used for various determinations in 
the p-NP series. The values of the constants show that the reaction 
favors the formation of the phenyl sulfates, but that the drop in free 
energy from PAPS is only 1960 calories to p-NPS and 850 calories to 
3,5-DNPS. The free energy values were calculated from the expression 
AF® = —RTInK,,,». The pK, of p-NP is 7.2 (11), and that of 3,5-DNP 
is 6.4 (by titration); the phenol of greater acidity forms a sulfate of higher 
group potential, as might be expected. As judged by other enzymatic 
equilibria, the energy of hydrolysis of the sulfate in PAPS is presumed to 
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be much higher than that of the pyrophosphate linkages of ATP. Hence, 
these substituted phenyl] sulfates are also compounds of very considerable 
sulfate group potential. Phenyl sulfate, on the other hand, lies much 
lower, since no evidence has been found of transfer of sulfate from this 
compound to PAP. 


TaBLE IV 
Equilibria of Transfers between Phenyl Sulfates and PAP at 30°, pH 7.8 


: ‘ Concentration at equilibrium 
No.of deter-| Average* Kar 
p-NPS PAP p-NP PAPS 
pmoles per ml.| ymole per ml. | umole per ml. | umole per ml. 
1 0.1668 0.1549 0.0332 0.0299 4 26.0 + 1.4 
0.992 0.0507 0.0479 0.0435 6 24.1 + 0.6 
3 5.009 0.0273 0.0717 0.0654 5 29.2 + 5.8 
3,5-DNPS PAP 3,5-DNP PAPS 
4 4.487 0.135 0.403 0.365 3 4.1+ 0.1 


* Averages are given with standard deviation. 


DISCUSSION 


It is not surprising that p-NPS carries the sulfate group in an energy- 
rich linkage. A similar compound, p-nitrophenyl phosphate, has been 
shown to have a relatively high heat of hydrolysis (17), and, furthermore, 
the p-NP esters of both phosphate and acetate have shown pronounced 
acyl donor functions with phosphatase (18) and chymotrypsin (19), 
respectively. Similarly, p-NPS has recently been cited as a sulfate donor 
in the presence of sulfatase by Suzuki, Takahashi, and Egami (20). This 
ester, therefore, offers a convenient tool for probing into certain enzyme 
activities. The physiological role of such transfer remains doubtful, 
however, involving, as it does, enzymes of primarily hydrolytic activity. 

The observations reported in this paper, on the other hand, refer to a 
pure transferase activity rather than to a hydrolase. There is no hydrol- 
ysis of p-NPS by phenol sulfokinase. The function of PAP as a coenzyme 
is of particular interest in the transfer reaction, and the low concentration 
at which it is active indicates a high affinity of PAP for the enzyme. 

It is notable that the transfer from p-NPS to another acceptor has been 
possible so far only in the case of other simple phenolic compounds. When 
phenol sulfokinase was combined with another sulfokinase from rabbit 
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liver which acts on 6-3’-hydroxyl groups of steroids, no transfer of sulfate 
to the steroid molecule could be demonstrated. This situation seems 
complicated by an inhibitory effect of higher concentrations of PAP on 
the steroid sulfokinase which is not observed in phenol sulfokinase. For 
these reasons, our initial hope of using p-NPS with sulfokinase as a widely 
applicable feeder system has not at present been realized. 

It seems significant that transfer of sulfate among phenols with phenol 
sulfokinase requires the presence of PAP, the original sulfate carrier. In 
this respect the system resembles the hexokinase (21) and the pyruvate 
kinase (22) reactions, in which phosphate may be transferred among ac- 
ceptor molecules, but only in the presence of small amounts of ADP. 
In contrast, earlier experiments from this laboratory may be cited on 
arylamine acetokinase (23), in which acetyl transfer among arylamines 
occurred in the absence of coenzyme A, the original carrier of the acetyl 
group. In that case the group is presumably transferred to the enzyme 
protein and is then in reversible equilibrium with various arylamines. 


SUMMARY 


1. Sulfate is enzymatically transferred from its activated form, 3’- 
phosphoadenosine-5’-phosphosulfate, to phenolic compounds. The reversi- 
bility of this reaction in the case of certain nitrophenols has been shown, 
and the equilibrium constants have been estimated. 

2. The transfer of sulfate from p-nitrophenyl] sulfate to phenol is depend- 
ent upon the presence of 3’,5’-diphosphoadenosine and constitutes a 
sensitive assay for the latter compound or for the enzyme, phenol sul- 
fokinase. 
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ENZYMATIC AND SPECTROPHOTOMETRIC STUDIES OF A 
REDUCED DIPHOSPHOPYRIDINE NUCLEOTIDE OXIDASE 
PREPARATION FROM HEART MUSCLE* 


By RONALD W. ESTABROOK BRUCE MACKLERT® . 


(From the Johnson Foundation for Medical Physics, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, June 5, 1957) 


The study of the oxidation of reduced diphosphopyridine nucleotide! 
by oxygen, as mediated by the respiratory system present in heart muscle, 
has centered around two types of preparations. Slater (1, 2) has in- 
vestigated in detail the factors influencing this activity, using a modified 
Keilin and Hartree heart muscle homogenate as the source of enzymatic 
activity. Recently, Mackler and Green (3, 4) have described a preparation 
which they called ‘‘closed’”” DPNH oxidase; the term ‘‘closed”’ was applied 
because of the marginal activity demonstrated in the reduction of exog- 
enous cytochrome c by DPNH unless the preparation was pretreated 
with a surface-active agent such as deoxycholate. 

The results obtained by using both types of preparations showed that 
the enzymatic activity was inhibited by antimycin A (or BAL), cyanide, 
azide, and carbon monoxide. The preparation o sed DPNH oxidase 
differed from that employed by Slater in th: as devoid of succinic 
dehydrogenase and thus succinic oxidase activity. This fact, coupled 
with the ability to prepare large amounts of highly active material of a 
remarkable optical clarity, served as the impetus to a detailed spectro- 
photometric study with the techniques developed by Chance (5-7). 

This paper describes the results of a series of experiments designed to 
characterize further the enzymatic and spectral changes of the respiratory 
pigments during the oxidation of DPNH by the heart muscle preparations 
of Mackler and Green (3, 4). Some of the observations are compared 
with the results obtained by Chance (5, 6) during his study of succinic 


* This investigation was supported in part by research grants No. RG-4128 and 
No. H-2154 from the National Heart Institute, National Institutes of Health, Publie 
Health Service. A preliminary report of this work was presented before the Fiftieth 
meeting of the American Society of Biological Chemists at Atlantie City, April, 1956. 

t This work was carried out during the tenure of an Established Investigator- 
ship of the American Heart Association, while on a leave of absence from the Enzyme 
Institute, University of Wisconsin, Madison. 

' The following abbreviations have been used: IDPNH, reduced diphosphopyridine 
nucleotide; ADP, adenosine diphosphate; BAL (British antilewisite), 1,3-dimer- 
captopropanol. 
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oxidation by heart muscle preparations as well as Slater’s (1, 2) results 
on DPNH oxidation with the Keilin and Hartree preparation. The over- 
all enzymatic activity, the extent of reduction of the respiratory pigments 
in the steady state, the turnover number of the cytochromes, and the 
hemoprotein content, as well as the influence of small additions of DPNH 
on the extent of reduction of these pigments, have been determined. 


Methods and Materials 


DPNH oxidase was prepared from the mitochondrial particles of beef 
heart muscle as previously described (3, 4). Cytochrome c and DPNH 
(90 per cent pure) were purchased from the Sigma Chemical Company. 

The rate of oxygen uptake was determined polarographically by a modi- 
fication of the “oxygen electrode” technique described by Chance and 
Williams (8). Spectrophotometric studies were carried out by using 
either the dual monochromator method or the wave length scanning re- 
cording spectrophotometric techniques (5, 6). 


Results 


Oxygen Uptake—The rate of oxidation of DPNH by a preparation of 
DPNH oxidase, as determined by measuring the rate of oxygen uptake, 
is shown in Fig. 1, A and B. The ter:nination of oxygen consumption upon 
utilization of the DPNH present (or the oxygen dissolved in the solution) 
is indicated by the breaks in the recorded curves marked (DPNH = 0) and 
(O. = 0). The inability of the preparation to oxidize succinate in either 
the presence or absence of added cytochrome c is shown in Fig. 1, B. The 
curves on both A and B also demonstrate the failure of exogenous cyto- 
chrome c or ADP to stimulate the rate of oxidation of DPNH. Fig. 1 A 
and B shows a stoichiometric relationship between the amount of DPNH 
oxidized and oxygen consumed, t.e. 2 DPNH + 2 H* + O, — 2 DPN* + 
2H.O. The rates of oxygen uptake, expressed in terms of Qo,, as deter- 
mined from the slopes of the curves shown in Fig. 1, are 680 and 730 ul. of 
Q, per hour per mg. of protein at the reaction temperature of 23°. These 
values agree well with that reported in a previous communication (9) (605 ul. 
of Oz» per hour per mg. of protein) in which the rate was determined spectro- 
photometrically at the reaction temperature of 23° by measuring the 
decrease in optical density at 340 mu. The values for Qo, reported here 
are about 3 to 4 times the value? obtained by Slater (1) with the use of 
a modified Keilin and Hartree heart muscle preparation. 


2 Slater states (1) that the mean Qo, (microliter of oxygen per mg. of fat-free 
dry weight per hour) of his preparation for DPNH oxidation was 131 at 20°. By 
applying the temperature correction suggested by Slater, one obtains a Qo, of 182 
at 23°. 
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} Difference Spectra—The reduced minus oxidized difference spectrum of 
: the closed DPNH oxidase preparation is shown in Fig. 2. The pigments 
: were reduced by the addition of sufficient DPNH to cause anaerobiosis. 
The absorption bands with maxima at 605, 563, and 553 my correspond, 
respectively, to the a-bands of reduced cytochromes a+a;, b, and c+c. 
The maximum at 444 my and the trough at about 460 my m the Soret 
region of the spectrum correspond, respectively, to the y-band of cyto- 
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Fic. 1. Measurements of oxygen uptake by DPNH oxidase preparation. Curve 
A, the enzyme and reagents were added in the order and final concentration shown 
to 1.5 ml. of 0.04 m phosphate buffer at pH 7.5; F represents the addition of 0.01 ml. 
of DPNH oxidase (0.27 mg. of protein). The failure of ADP and cytochrome c to 
stimulate the rate of oxygen uptake is illustrated. Curve B, the enzyme and reagents 
were added in the order and concentration as shown to 2.0 ml. of 0.04 Mm phosphate 
buffer of pH 7.5; F represents the addition of 0.02 ml. of DPNH oxidase (0.24 mg. 
of protein). The inability of the preparation to metabolize succinate is demon- 
strated. All reactions were carried out at 23°. 


chromes a+a; and to reduced flavoprotein. The inability to resolve 
the absorption bands of cytochromes ¢ and ¢, at room temperature has 
been discussed previously (10). 

It is possible from the spectrum shown in Fig. 2, as well as from low 
temperature spectra (10), to estimate the molar content of the various 
hemoproteins enzymatically reduced by DPNH. This was determined 
from the optical density differences of the maximum of a characteristic 
absorption band of a reduced pigment and a corresponding minimum 
(cf. Chance (6)). Similar criteria were applied to the low temperature 


of 
ro. 
B 
A 


1094 DPNH OXIDASE FROM HEART MUSCLE 


spectrum in order to estimate the contribution of cytochromes c, ¢,, and 6. 
By applying the extinction coefficients’ suggested by Chance (6), one 
obtains the data, presented as micromoles of pigment per mg. of protein, 
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Fic. 2. The reduced minus oxidized difference spectrum of the DPNH oxidase 
preparation. Both cuvettes contained 0.2 ml. of enzyme (5.1 mg. of protein) and 
1.8 ml. of 0.04 ml. of phosphate buffer of pH 7.5. The pigments were reduced in one 
cuvette by the addition of 0.03 ml. of a 5 per cent solution of DPNH. Temperature, 
23°. Experiments were carried out with the wave length scanning recording spec- 
trophotometer. 


TABLE I 
Pigment Composition of DPNH Oxidase 


Cytochrome a................ 1.0 
a3.. 0.7 

0.5 

0.4 

0.6 


3’ The millimolar extinction coefficient for cytochrome c; has been assumed to be 
the same as that for cytochrome c; ¢.e. 19.1. The assumptions employed in deter- 
mining the content of cytochromes and flavoprotein from such spectra have been 
discussed in detail by Chance (6). 
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summarized in Table I. The flavoprotein concentration, as well as the 
sum of hemoprotein concentrations, agrees well with those values pre- 
sented previously (4), viz. flavin, 0.42 XK 10-* umole per mg. of protein 
and hemin,‘ 2.5 & 10-* umole per mg. of protein. 

Steady State of Respiratory Pigments—The addition of DPNH to a sus- 
pension of DPNH oxidase leads to a rapid but partial reduction of the 
respiratory pigments. The steady state of the pigments is similar to 
that described by Chance (6, 7) for the succinic oxidase system. Upon 
utilization of the DPNH, the pigments return to the oxidized state (ef. 
Fig. 4), or upon complete utilization of the oxygen present (anaerobiosis), 
the pigments become further reduced. Thus, addition of large amounts 
of DPNH, sufficient to exhaust completely the oxygen dissolved in the 
solution, leads first to a steady state reduction and later to a complete 
(anaerobic) reduction of the pigments as shown in Fig. 3. The extent 
of the steady state reduction of the pigments reduced enzymatically in 
the DPNH oxidase preparation is summarized in Table II. In Table II 
are the values previously obtained by Chance (5, 6) for a Keilin and Hartree 
heart muscle preparation with succinate as substrate; these are in close 
agreement with the values obtained for the DPNH oxidase system. The 
concentrations of the various pigments present in the DPNH oxidase prep- 
aration were also determined from the curves shown in Fig. 3 and agree 
with the data summarized in Table I, as calculated from the difference 
spectrum presented in Fig. 2. 

The turnover numbers for each of the cytochromes and for flavoprotein 
were calculated from the data presented in Fig. 3. The value of Ay (a 
“figure of merit”? introduced by Chance (5, 6)) was first determined by 
use of the formula 


rate of O2 uptake (umole per second) 
A optical density 


K, = 


in which the rate of oxygen uptake was determined by dividing the initial 
oxygen content of the solutions (272 uwmoles at 23°) by the time during 
which the pigments were in the aerobic steady state, as ascertained from 
oscillograph recordings of the optical density changes occurring during 
the reaction. For the experiments in Fig. 3, the average time necessary 
to attain anaerobiosis after addition of DPNH was 21 seconds. The K, 
values for each of the pigments (Table II) can then be readily converted 
to turnover numbers by use of the formula, 


Turnover number = KA, X electron equivalents X e« X 10° 


‘The contribution of hemin from cytochrome as; was not included in this deter- 
mination. 
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The electron equivalents of cytochromes and flavoproteins with oxygen 
are 4 and 2, respectively. The values for millimolar extinction coefficients® 
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Fic. 3. The steady state reduction of the pigments of DPNH oxidase. The 
reaction cuvette contained a mixture of 0.1 ml. of enzyme (2.6 mg. of protein), and 
1.9 ml. of 0.04 m phosphate buffer of pH 7.5. The sample was first stirred (S) and 
then 0.03 ml. of a 5 per cent solution of DPNH was added to initiate the reaction. 
The reactions were carried out at 23° by using the dual monochromator spectropho- 
tometric technique. The wave length settings employed for cytochromes a, b, ¢, ¢:, 
and a; and for flavoprotein are as indicated. The convention followed in this paper 
is that the first mentioned wave length represents the location of a maximum of a 
pigment where the greatest change in optical density occurs. The change in light 
absorption occurring at a corresponding minimum of isosbestic reference wave length 
is subtracted from that of the wave length of principal interest. This has been 
designated, for example with cytochrome c, as 550 — 540 mu. An upward deflection 
indicates an increase in optical density at the wave length first mentioned. 


(e) are those employed by Chance (5, 6). The turnover numbers calculated 
for the DPNH oxidase preparation are also summarized in Table II, to- 
gether with those previously reported by Chance (5, 6) for the succinic 
oxidase preparations. The turnover number of endogenous cytochrome 


| |. 
f 
( 

i} 
t 
| 
i} 
1] 
t 
t 
li 
n 
n 


R. W. ESTABROOK AND B. MACKLER 1097 


c of a Keilin and Hartree preparation, as calculated from Slater’s (1) data 
on DPNH oxidation and his estimate of cytochrome c content,®> was about 
8 per second. This is much lower than that reported here (81 per second) 
for the same pigment. 

Influence of Temperature on Steady State and Turnover Numbers—The 
results reported above were carried out with preparations at a reaction 
temperature of 23°. When samples were cooled to 2°, the rate of oxygen 
uptake decreased to about 12 per cent of that at 23°. A calculation of 
the energy of activation (AE) by the Arrhenius equation indicates a value 
of 17,400 calories, which agrees well with the value of 19,000 calories 
determined by Slater (1). Since the pigment concentration was similar 


TABLE II 
Steady State and Turnover Numbers of Pigments of Heart Muscle 
Reduction in steady state, K, Turnover no. 
per sec. 
23° 2° 25° 23° 23° 25° 
Cytochrome a3........... 15 13 5 101 72 58 
19 22 23 78 50 29 
38 20 36 107 81 36 
35 27 40 99 78 58 
Flavoprotein............, 50 39 97 44 


* Data from Chance (5, 6). 


in the experiments carried out at 2° and 23°, the resulting calculation of 
turnover number at the lower temperature for the various pigments (Table 
Il) would be about one-eighth that at 23°, simply reflecting the decrease 
in respiratory activity. It was of interest to determine whether changes 
in activity were reflected in changes in steady state values of the various 
pigments at the two temperatures. The results (Table II) show that 
cytochromes b and c+ c, are at a more oxidized steady state at the lower 
temperatures, and that cytochromes a+a; are essentially unchanged. 
The effect of temperature on steady state values observed here appears 
to be intermediary between the greater effect seen with phosphorylating 
liver mitochondria (11) and the small effect seen with succinate oxidation 


5 Slater’s data ((1) p. 510) can be used to calculate the turnover number of endoge- 
nous cytochrome c. In a similar way, his estimate of cytochrome ¢ content per 
mg. of protein and corrected Qo, may be used for a similar calculation. 
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by a Keilin and Hartree preparation (6). The interpretation of these 
results, indicating a greater influence of temperature on the dehydrogenase 
and oxidase activity than on the intermediate electron-transporting hemo- 
proteins, has been summarized and discussed by Chance (12). 

Reduction of Respiratory Pigments with DPNH—The determination of 
the extent of reduction of the cytochromes as produced by the addition 
of small amounts of DPNH was made with DPNH oxidase preparations 
of varying concentrations. The enzyme preparations contained sufficient 
azide to inhibit respiration approximately 95 per cent. As DPNH in 


ail 


2.1 mu Moles 


ean 


Fic. 4. The effect of various DPNH additions on the reduction of cytochrome 
a+a;. IDPNH in the amounts shown was added to the cuvette containing 1.0 ml. 
of 0.04 m phosphate buffer of pH 7.5, 0.05 ml. of 5.0 mM azide, and 1.0 ml. of DPNH 
oxidase (25.7 mg. of protein). The additions indicate the millimicromoles of DPNH 
added. The reactions were carried out at 23° by using the double monochromator 
spectrophotometric method. The wave length settings were 605 minus 625 mu. 
An upward deflection of the curve indicates an increase in optical density at 605 mz. 


increasing concentrations was added (Fig. 4), an increasing amount of 
the pigment (in this case, cytochrome® a) was reduced until a concentration 
of DPNH was reached which caused no further reduction of the pigment. 
The oxidation phase of the cycles observed in Fig. 4 simply reflects the 
incomplete inhibition of cytochrome oxidase by the azide present. When 
the extent of reduction is plotted against DPNH concentration (Fig. 5) for 
different concentrations of enzyme, it can be seen that at low concentra- 
tions of DPNH the extent of reduction of cytochrome a is directly pro- 
portional to the amount of DPNH added. There is also a stoichiometric 


6 The calculations assume that the absorption band with a maximum at 605 mu 
is mainly cytochrome a. 
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relationship between the amounts of DPNH needed for reduction of cyto- 
chrome® a and the quantity of enzyme present. The micromoles of reduc- 
ing equivalents of DPNH necessary to reduce 1 umole of cytochrome® a 
can be calculated for the various dilutions of enzymes from the initial 
slopes of the curves in Fig. 5. Although only two dilutions are shown here, 


0.074 — 
= 0.055— 
2 
0.037— 
0.018— 


42 84 12.6 2l 
pMoles DPNH x10 
Fic. 5. The reduction of cytochrome a by small additions of DPNH. The enzyme 
preparation (25.7 mg. of protein per ml.) was diluted with 0.04 m phosphate buffer 
of pH 7.5 to give a final volume of 2.0 ml., after which 0.02 ml. of a 5 M sodium azide 
solution was added. The closed circles represent a dilution of 1:10, and the open 
circles represent a dilution of 1:2. The DPNH was added in the amounts specified. 
The reactions were carried out at 23° by using the double monochromator spectropho- 
tometric technique. The initial slopes of the curves were used to determine the 
electron equivalents transferred to cytochrome a. Wave length settings were 605 
minus 625 


dilutions of 1:5 and 1:3 were also investigated. The relationship used 
was 


umoles reducing equivalents a umoles DPNH added X 16 X 2 
umole cytochrome a optical density 605 mp X 10-* X ml. reaction mixture 


The ratios determined showed good agreement and ranged from 4 to 7; 
1.e., the addition of 3 umoles of DPNH (6 umoles of reducing equivalents) 
reduces 1 umole of cytochrome? a. 

Similar titration experiments were carried out with more dilute prep- 
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arations of DPNH oxidase in order to determine the influence of DPNH 
on the reduction of the other cytochromes present in the preparations, 
The results of one such experiment are presented in Fig. 6. The calculation 
of the ratio of reducing equivalents of DPNH necessary for the reduction 
of cytochrome a (see above) gives a value of about 5. As shown in Fig. 6, 
increasing small amounts of DPNH are needed for the reduction of cyto- 
chromes a, c+c, and b, in that order. Concentrations of DPNH neces- 
sary for half maximal reduction of the various pigments are about 0.3, 1, 
and 3 uM DPNH for cytochromes a, c+c, and b, respectively. Thus, 
the affinity of the system for DPNH as determined is high and of the same 
order of magnitude as the affinity of cytochrome oxidase for oxygen (7.e., 
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Fic. 6. Reduction of the cytochrome components of dilute DPNH oxidase by 
DPNH. The reaction mixtures contained 0.1 ml. of DPNH oxidase (2.8 mg. of 
protein), 0.02 ml. of 0.5 mM azide, and 2.9 ml. of 0.04 m phosphate buffer of pH 7.5. 
DPNH was added in the amounts indicated. The reactions were carried out at 23° 
by using the double monochromator spectrophotometric technique. The wave 
lengths employed for the various cytochromes are the same as those indicated in 
Fig. 3. 


about 1 wm (13)). The results of the above experiments on the influence 
of DPNH upon the extent of reduction of the respiratory pigments demon- 
strate that, upon addition of DPNH to the azide-inhibited preparations 
of DPNH oxidase, the reducing equivalents are first apparent at cyto- 
chrome a and a3, then at cytochromes c and q, and finally at cytochrome b. 
This may be visualized by considering the presence of a barrier (azide) in 
the electron transport system. As reducing equivalents are added, they 
tend first to accumulate with the pigment nearest this site of inhibition. 
As more reducing equivalents are added, the remaining members of the 
respiratory chain become reduced in an order dependent upon their rela- 
tionship to the site of inhibition. The fact that cytochrome a appears 
reduced in these titration experiments at a lower concentration of DPNH 
than cytochrome c cannot be construed to mean that reducing equivalents 
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from DPNH react directly with cytochrome a; rather, the inverse would 
be a more reasonable interpretation of these results. 


DISCUSSION 


Chance and Williams (14) have shown that in electron transport systems 
inhibited at the site of reaction with oxygen, the extent of steady state 
reduction of the pigments is directly proportional to their closeness to the 
site of inhibition when reducing equivalents are added in the form of sub- 
strates. This is best demonstrated by experiments on the release of inhi- 
bition, asexemplified by studies of steady state changes in actively phosphory- 
lating mitochondria, and has permitted Chance and Williams (14) to assign 
loci of inhibition by the ‘‘crossover point” of steady state changes. The 
data presented above may be interpreted to show that passage of electrons 
from substrate through a terminally inhibited respiratory chain is as follows 


DPNH -— flavoprotein — (cytochrome b) — cytochrome c; — cytochrome 
c — cytochrome a+a; — Oz 


Thus, one may conclude that there is an ordered reaction sequence of 
the respiratory carriers during the oxidation of DPNH. 

Cytochrome b has been placed in parentheses in the scheme above since 
it would appear from the results of experiments on the rates of reduction 
of the cytochromes (15) that cytochrome b may not be in the direct chain 
of electron transfer in the preparations of DPNH oxidase studied. Al- 
though cytochrome b does not appear to participate directly in such a 
DPNH oxidase preparation, it still has the potentiality of accepting re- 
ducing equivalents from DPNH. It should be noted that the rate of 
reduction of cytochrome b is still a rather rapid reaction. The half time 
for reduction of cytochrome b is faster than 1 second at 23°. Slater’s 
observation (1) that cytochrome b of the Keilin and Hartree preparation 
was slowly reduced upon addition of DPNH to either a cyanide inhibited 
or an anaerobic preparation differs from the data presented here in Fig. 3. 
It was necessary to employ the stop-flow technique for distinguishing the 
kinetics of reduction of cytochrome b from the other members of the re- 
spiratory chain. 

The differences between the preparation studied here and that employed 
by Slater (1) are more in degree than in type. The DPNH oxidase prep- 
aration differs from the Keilin and Hartree preparation in having a higher 
activity, an absence of succinic dehydrogenase, and a more rapid rate of 
reduction of cytochrome b. The hemoprotein composition and the in- 
fluence of inhibitors are the same for both types of preparations, showing 
that the general mechanism of electron transport for DPNH oxidase is 
the same with either preparation. 
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SUMMARY 


1. Polarographic determinations of oxygen uptake have confirmed the 
previous observations that a ‘‘closed”’ reduced diphosphopyridine nucleo- 
tide (DPNH) oxidase does not oxidize succinate and that the rate of DPNH 
oxidation is unaffected by exogenous cytochrome c. 

2. Spectrophotometric studies have permitted an estimation of the 
concentration of cytochromes a, a3, b, c, and c; and of flavoprotein. 

3. The extent of reduction of the various pigments in the steady state 
of enzymatic catalysis as well as the turnover numbers have been deter- 
mined and are similar to those reported previously from the succinic oxi- 
dase studies of a Keilin and Hartree preparation. 

4. The influence of a decrease in temperature on the rate of oxidation of 
DPNH and the steady state and turnover numbers of the pigments has 
been determined, indicating an activation energy of 17,400 calories for 
the over-all reaction. 

5. The addition of low concentration of DPNH showed that about 4 
to 6 uwmoles of reducing equivalents are necessary to reduce 1 umole of 
cytochrome a when cytochrome oxidase is partially inhibited by sodium 
azide. 

6. Titration experiments employing a dilute preparation containing 
azide as inhibitor showed that the addition of low concentrations of DPNH 
caused a greater reduction of cytochromes a+a; than of cytochromes 
c+ec. In a similar way, cytochromes c+c; were more reduced at a 
given low concentration of DPNH than was cytochrome b. Such titration 
experiments, as carried out in the presence of an inhibitor of the terminal 
respiratory enzyme, show that reducing equivalents accumulate with 
the pigment nearest the site of inhibition and that the order of appearance 
of the pigments is inverse to their proximity to the substrate donating these 
reducing equivalents. 
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particles, relation, Peters, 6 
Amino acid(s): Decarboxylation, by ‘- 

bromosuccinimide, Chappelle and 

Luck, 171 


Incorporation, by ribonucleoprotein, 
particles, intact and disrupted, Web- 
ster, 

Isolation by carrier displacement 
chromatography, Buchanan, 211 

Phospholipides, containing, Westley, 
Wren, and Mitchell, 131 

Terminal, rhodopsin, Albrecht, 477 

Aminoisobutyrate: 8-, and #-alanine, 
synthesis, enzymatic, Kupteckt and 
Coon, 743 

Aminolevulinic acid: a-, metabolism, 
Nemeth, Russell, and Shemin, 

415 

Amino-N-ribosylacetamide 5’-phos- 
phate: 2-, transformylase, Warren 
and Buchanan, 613 


535 | 


Amino - 1 - riboysl - 4 - imidazolecarbox- 
amide 5’-phosphate: 5-, transformyl- 
ase and inosinicase, Flaks, Erwin, 
and Buchanan, 603 

Androstene-3, 17-dione: 118-Hydroxy-A‘. 
See Hydroxy-A‘-androstene -3, 17- 
dione 

Arachidonic acid: y-, linolenic acid, con- 
version, Mead and Howton, 575 

Ascorbic acid: Audiogenic seizures, ef- 
fect, Duncan, 563 

Aspartic acid: Hydroxy-. See Hydroxy- 
aspartic acid 

Audiogenic seizure(s): Adrenal weight, 
ascorbic acid, cholesterol, and corti- 


costeroids, effect, Duncan, 563 
B 
Bilirubin: Glucuronide, identification, 
Schmid, 881 
Bromosuccinimide: N-, decarboxylation, 
Chappelle and Luck, 171 
Butyrate: Aminoiso-. See Aminoiso- 
butyrate 
C 
Caffeic acid: Metabolites, urinary, Booth, 
Emerson, Jones, and DeEds, 51 
Carbamylase: Ornithine trans-. See 


Ornithine transcarbamylase 
Carbamyl phosphate: Biosynthesis, stud- 
ies, Metzenberg, Hall, Marshall, and 


Cohen, 1019 
Ornithine transcarbamylase, study, 
Burnett and Cohen, 337 


Properties, decomposition, compari- 
son, Hall and Cohen, 345 
—, inhibitory, Ravel, Estes, Mollen- 
hauer, and Shive, 93 
Carboxylase: Hydroxytryptophan de-. 
See Hydroxytryptophan decarboxy]- 
ase 
Carboxylation: De-. 
tion 
Propioryl coenzyme A, carboxylation 
system, Flavin, Castro-Mendoza, and 
Ochoa, 981 


See Decarboxyla- 
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Carotenoid(s): Adults, normal, presence 
in, Blankenhorn, 809 
Catabolism: Hemoglobin, Mills, 189 
Chlorogenic acid: Metabolites, urinary, 
Booth, Emerson, Jones, and DeEds, 
51 
Cholesterol: Audiogenic seizures, effect, 
Duncan, 563 
Precursors, Dituri, Rabinowitz, Hullin, 
and Gurin, 825 
Chromatography: Carrier displacement 
isolation, amino acids, Buchanan, 
211 
Citramalic acid: Accumulation, by Neu- 
rospora, Willson and Adelberg, 
1011 
Coenzyme: 3’,5’-Diphosphoadenosine, 
sulfate transfer, use, Gregory and 
Lipmann, 1081 
Polynucleotide, phosphorylation, oxi- 
dative, Pinchot, 1 
—, — II, oxidative, Pinchot, 25 
Collagen: Tissue, lysine conversion to 
hydroxylysine, relation, Piez and 
Likins, 101 
“Compound X’’: Properties, decompo- 
sition, comparison, Hall and Cohen, 
345 
Corticosteroid(s): Audiogenic seizures, 
effect, Duncan, 563 
Cortisone: Tetrahydro-. See Tetrahy- 
drocortisone 
Cortisone acetate: Metabolites, isolation 
and identification, Lombardo and 
Hudson, 181 
Cytochrome: Preparation, purified, pig 
heart, lipide composition, Marinetti, 
Kochen, and Stotz, 1027 
Cytoplasmic particles: Precursor, serum 
albumin, relation, Peters, 659 


D 


Decarboxylation: Amino acids, proteins, 
peptides, by N-bromosuccinimide, 
Chappelle and Luck, 171 

Dimethylmalic acid(s): Accumulation, 
by Neurospora, Willson and Adel- 
berg, 1011 

Diphosphoadenosine: 3’,5’-, coenzyme, 
in sulfate transfer, Gregory and Lip- 
mann, 1081 


INDEX 


Diphosphogalactose: Uridine, intercon- 
version, with diphosphoglucose, 
Mazwell, 139 

Diphosphoglucose: Uridine, interconver- 
sion, with diphosphogalactose, Maz- 
well, 139 

Diphosphopyridine nucleotide: Oxidase, 
reduced, heart muscle, preparation, 
studies, enzymatic and spectropho- 
tometric, Estabrook and Mackler, 

1091 


E 


Enzyme: Co-. See Coenzyme 
Properties of, isocitritase, Smith and 
Gunsalus, 305 
See Carbamylase, Carboxylase, Inosin- 
icase 
Epinephrine: Assay, liver homogenates, 
use, Berthet, Sutherland, and Rall, 
351 
Erythrocyte(s): Duck, in vitro, heme, 
synthesis, Kassenaar, Morell, and 
London, 423 
Hemoglobin, protected from oxidative 
breakdown, relation, Mills, 


189 

Metabolism, phosphate and pentose, 
effects, Lionettt, McLellan, and 
Walker, 817 
—, thiamine administration, effect, 
Wolfe, 801 


Estradiol-178: Metabolite, new, 2-meth- 
oxyestrone, in man, Kraychy and 
Gallagher, 519 

Estrogen: Isocitric dehydrogenase, effect 


on, Hagerman and Villee, 589 
Estrone: 2-Methoxy-. See Methoxy- 
estrone 
F 


Fatty acid(s): Component, Neurospora 
crassa lipides, Todd, Stone, Hechter, 
and Nussbaum, 527 

Labeled with carbon 14, randomly, 
Mangold and Schlenk, 731 

Metabolism, Mead and Howton, 
575 

Fluoropyruvic acid: Lactic acid dehydro- 
genase, inhibited, Busch and Nair, 

377 
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Formic acid: Determination, enzymatic 
method, Rabinowitz and Pricer, 
321 
Fructofuranoside: a-Lactosyl-8-. See 
Lactosyl-8-fructofuranoside 


G 
Galactose: Diphospho-. See Diphospho- 
galactose 
Metabolism, in liver slices, Bloom, 


165 
Globin: Glycine, incorporated into, 
Kassenaar, Morell, and London, 
423 
Glucagon: Assay, liver homogenates, 
use, Berthet, Sutherland, and Rall, 


351 
Glucose: Diphospho-. See Diphospho- 
glucose 
Glutamine: Phenylacetyl-. See Phenyl- 
acetylglutamine 


Glutathione peroxidase: Hemoglobin, 
protected from oxidative break- 
down, relation, Mills, 189 

Glycine: Globin, incorporation, Kasse- 
naar, Morell, and London, 423 

Succinate, cycle, Nemeth, Russell, and 
Shemin, 415 

Glycogen: Xylitol, conversion, via pen- 
tose phosphate pathway, McCormick 
and Touster, 451 

Guanine: 8-Hydroxy-7-methyl-. See 
Hydroxy-7-methylguanine 


H . 


Heart: Beef, enzyme, activation, 363 

Muscle, preparation, diphosphopyri- 

dine nucleotide oxidase, reduced, 

Estabrook and Mackler, 1091 

Preparation, purified, lipide composi- 

tion, Marinetti, Kochen, and Stotz, 

1027 

Heme: Synthesis, erythrocytes, duck, in 

vitro, Kassenaar, Morell, and London, 

423 

Hemoglobin: Catabolism, Mills, 189 

Homogenate: Hen oviduct, protein frac- 
tions, radioactivity in, Hendler, 


553 
Hormone(s): Ovarian, non-steroid, Frie- 
den and Layman, 569 


Hormone(s)—continued: 
Ovine, molecular weight, Lz, Cole, and 


Coval, 153 
— oxidation, with performic acid, Li, 
157 

Pituitary lactogenic, Lz, Cole, and 
Coval, 153 


Thyrotropic, separation, from pepsin 
inhibitor, Carsten and Pierce, 

61 

Hydrogenase: Lactic acid de-. See Lac- 
tic acid dehydrogenase 3 

Sucecinic de-. See Succiniec dehy- 

drogenase 
Hydroxy-A‘-androstene-3, 17-dione:118-, 
metabolism, in man, Bradlow and 


Gallagher, 505 
Hydroxyaspartic acid: Configuration, 
spacial, Sallach, 437 


Hydroxy-.i-kynurenine: 3-, wL-kynure- 
nine, formation, Saito, Hayaishi, and 
Rothberg, 921 

Hydroxy-7-methylguanine: 8-, identifi- 
cation, as human urinary constitu- 
ent, Weissmann and Gutman, 


239 
Hydroxypropionate: 8-, metabolism, Au- 
pieckt and Coon, 743 


Hydroxytryptophan decarboxylase: 5-, 
activity, kidney, pyridoxine, rela- 
tion, Buzard and Nytch, 409 


I 


Imidazoleacetic acid: Oxidation, enzy- 
matic, Rothberg and Hayaishi, 

897 

Inosinicase: 5-Amino-1-ribosy]-4-imid- 

azolecarboxamide 5-phosphate, 

Flaks, Erwin, and Buchanan, 603 

Ion exchange resin(s): Chromatography, 

carrier displacement on, Buchanan, 


211 

Isocitric dehydrogenase: Estrogen-sensi- 
tive, Hagerman and Villee, 589 
Isocitritase: Properties and equilibrium, 
Smith and Gunsalus, 305 
Isoleucine: Biosynthesis, Willson and 
Adelberg, 1011 


Itaconic acid: Metabolism, mitochon- 
dria, liver, use, Adler, Wang, and 
Lardy, 


| 
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K 


Ketoadipic acid: 8-, Neurospora crassa, 
cleavage by, Ottey and Tatum, 77 
Kidney: Homogenates, tetrahydrocor- 
tisone, reduced by, de Courcy, 
935 
Kynurenine: Formation, enzymatic, 
from tryptophan, Hayaishi, Roth- 
berg, Mehler, and Saito, S89 
3-Hydroxy-L-. See Hydroxy-u-kynu- 
renine 
L-, 3-hydroxy-L-kynurenine, forma- 
tion, Saito, Hayaishi, and Rothberg, 
921 


L 


Lactic acid dehydrogenase: Fluoropyru- 
vie acid, inhibition by, Busch and 


Nair, 377 
Lactosyl-8-fructofuranoside: a-, charac- 
terization, Avigad, 121 


Levulinic acid: a-Amino. See Amino- 
levulinic acid 

Linolenic acid: y, arachidonic acid, con- 
version, Mead and Howton, 75 


Lipide(s): Heart preparation, purified, 


Marinetti, Kochen, and Stotz, 1027 
Neurospora crassa, component fatty 
acids, Todd, Stone, Hechter, and 
Nussbaum, 527 
Liver: Homogenates, glucagon and epi- 
nephrine, assay, use in, Berthet, 
Sutherland, and Rall, 351 


Mitochondria, itaconic acid, metabo- 
lism, use, Adler, Wang, and Lardy, 
865 

Slices, galactose metabolism, Bloom, 
165 
Luteal tissue: Progesterone, purification 
and estimation, quantitative, Loy, 
McShan, and Casida, 583 
Lysine: Hydroxylysine, conversion to, 
Piez and Likins, 101 


Malic acid: a,8-Dimethyl-. 
methylmalic acid 
Metabolism: Adenine, Bennett and Karl/s- 
son, 39 
erythrocyte, thiamine administration, 
effect, Wolfe, SOL 


See Di- 


INDEX 


Metabolism—continued: 


Galactose, Bloom, 165 
8-Hydroxypropionate, as product, Au- 
piecki and Coon, 743 
Itaconic acid, mitochondria, liver, use, 
Adler, Wang, and Lardy, 865 
Phosphate and pentose, nucleosides, 
effects, Lionetti, McLellan, and 
Walker, S17 
Purine, Gordon, Intrieri, and Brown, 
641 
Valine, 8-aminoisobutyrate, prod- 
uct, Kupiecki and Coon, 743 


Metabolite(s): Acetate, cortisone, isola- 
tion and identification, Lombardo and 


Hudson, IS] 
New, from estradiol-178, in man, 
Kraychy and Gallagher, 519 


Urinary, caffeic and chlorogenic acids, 
Booth, Emerson, Jones, and Dekds, 
51 
Methionine: S-Adenosyl-. See Adeno- 
sylmethionine 
Methoxyestrone: 2-, estradiol-178, me- 
tabolite, new, in man, Araychy and 
Gallagher, 519 
Methoxyphenylalanine: p-, metabolism, 
Pirrung, Gottesman, and Crandall, 
109 
Methoxyphenylalanine phenylpyruvate: 
p-, metabolism, Pirrung, Gottesman, 
and Crandall, 109 
Methylisourea: pancreatic ribonu- 
clease, bovine, reaction, Alee and 
Richards, 489 


N 


Neurospora: Citramalic and a,8-dimeth- 
vimalic acids, accumulation, Will- 
son and Adelberg, 1011 

Neurospora crassa: 8-Ketoadipic acid, 
cleavage, Otley and Tatum, 77 

Lipides, component fatty acids, 7'odd, 
Stone, Hechter, and Nussbaum, 
527 

Nitropropane: 2-, oxidation, by pea 
plants, Little, 231 

Nuclease(s): Ryegrass, Shuster, 

Nucleoside(s): I:ffects, on metabolism, 
phosphate and pentose, Lionett:, 


McLellan, and Walker, S17 


: 
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Nucleotide: 
duced, oxidation, in measurement of 
phosphorylation, Pinchot, Il 

Poly-. See Polynucleotide 
Triphosphopyridine. See Triphospho- 
pyridine nucleotide 


Diphosphopyridine, re- 


O 


Oncorhyncus’ tschawytscha: Salmon. 
See Sperm 

Ornithine transcarbamylase: Carbamy] 
phosphate, study, Burnett and Cohen, 


337 
Ovine: Hormone, Li, 157 
—, Li, Cole, and Coval, 153 


Oxidase: Diphosphopyridine nucleotide. 
See Diphosphopyridine nucleotide 
oxidase 

Monoamine, soluble, serotonin, action, 
Weissbach, Redfield, and Udenfriend, 
953 

Oxidation: Nucleotide, diphosphopyri- 
dine, reduced, with phosphorylation, 
relation, Pinchot, Il 

Oxygenase(s): Formation, enzymatic, 
3-hydroxy-L-kynurenine, formation, 
Saito, Hayaishi,and Rothberg, 

921 

—, —, kynurenine from tryptophan, 

Hayaishi, Rothberg, Mehler, and 

Saito, S89 

Oxidation, enzymatic, imidazoleacetic 
acid, Rothberg and Hayaishi, 

S97 

Pyrocatechase, Hayaishi, Katagiri, and 

Rothberg, 

Oxythiamine: See Thiamine analogue 


P 


Pancreatic ribonuclease: Bovine, O- 
methylisourea, reaction, Alee and 


Richards, 489 
Papain: Activities, esterolytic, MeDon- 
ald and Balls, 69 
Parathormone B: Purification, electro- 
phoretic, Rasmussen, 781 
Pea plant(s): 2-Nitropropane, oxidation, 
Little, 231 


Pentose: Metabolism, nucleosides, ef- 
fects, Lionettt, McLellan, and Walker, 
S17 


Pentose—continued: 

Ribonucleic acid, tissues and tumors, 
lymphatic, relation, Ait, Alein, and 
Graham, 853 

Pentose phosphate: Pathway, xylitol- 
glycogen conversion, McCormick and 
Touster, 451 

Pepsin: Inhibitor, hormone, thyrotropic, 
separation, Carsten and Pierce, 61 

Peptide(s): Decarboxylation, by N- 
bromosuceinimide, Chappelle and 
Luck, 171 

Performic acid: Hormone, ovine, oxida- 
tion with, Li, 157 

Phenolic compound(s): Sulfate, transfer, 
Gregory and Lipmann, 1081 

Phenylacetylglutamine: Human tissue, 
synthesis, Moldave and Meister, 

463 

Phenylalanine: L-, isolation, from pro- 
tein hydrolysates, Selim, Ramadan, 
and El-Sadr, 

Phosphate: 2-Amino-N -ribosylacetamide 
5’-. See Amino-N-ribosylacetamide 
5’-phosphate 613 

Amino-1 - ribosy] - 4 -imidazolecarboxa- 
mide 65’-. See Amino-1-ribosyl-4- 
imidazolecarboxamide 5’-phosphate 

Carbamyl. See Carbamyl phosphate 

Metabolism, nucleosides, effects, Lion- 
etti, McLellan, and Walker, S17 

Pentose. See Pentose phosphate 

Phosphoamidase: Spleen, beef, proper- 
ties, Singer and Fruton, lil 
Phospholipides: Detection, amino acids, 
other than serine, Westley, Wren, and 
Mitchell, 131 
Phosphorylation: Measurement, with 
oxidation, diphosphopyridine —nu- 
cleotide, reduced, Pinchot, 11 

Nucleotide, reduced triphosphopyri- 

dine, and oxidation, Vignais and 


Vignais, 265 
Oxidative, coenzyme, polynucleotide, 
Pinchot, 1 


Pyridine nucleotides, and, oxidation, 
Joshi, Newburgh, and Cheldelin, 

771 

Phosphorylation II: Oxidative, coen- 
zyme, polynucleotide, Pinchot, 

25 
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Picrate(s): Earth metal, alkaline, use, 
in isolation of L-phenylalanine from 
protein hydrolysates, Selim, Rama- 
dan, and El-Sadr, 547 

Pipecolic acid: L-, synthesis, enzymatic, 
Meister, Radhakrishnan, and Buckley, 


789 
Pituitary: Hormone, lactogenic, Li, Cole, 
and Coval, 153 


Plasma: Human, C'*-steroids, binding 
and distribution, intravenous, Anto- 
niades, Pennell, Slaunwhite, and 


Sandberg, 1071 
Polynucleotide(s): phosphoryl- 
ation, oxidative, Pinchot, 1 


Phosphorylase, synthesis, Heppel, Or- 
tiz, and Ochoa, 679, 695 
Synthesis, interaction and ultraviolet 
absorption, Warner, 711 
Progesterone: Luteal tissue, purification 
and estimation, quantitative, Loy, 
McShan, and Casida, 583 
Proline: L-, synthesis, enzymatic, Meis- 
ter, Radhakrishnan, and Buckley, 


789 

Propionate: Conversion, enzymatic, 
from succinate, Flavin and Ochoa, 

965 


8-Hydroxy-. See Hydroxypropionate 

Propionic acid: Metabolism, tissue, ani- 

mal, Flavin and Ochoa, 965 

Protamine: Sperm, salmon, properties, 
Callanan, Carroll, and Mitchell, 

279 

Protein(s): Cytoplasmic, synthesis and 

decay, in tobacco leaf, Dorner, Kahn, 

and Wildman, 945 

Decarboxylation, by N-bromosuccini- 

mide, Chappelle and Luck, 


171 
Fraction, homogenate, hen oviduct, 
radioactivity, Hendler, 553 


Hydrolysate, L-phenylalanine, isola- 
tion, by use of picrates, Selim, Rama- 


dan, and El-Sadr, 547 
Leaves, green, Dorner, Kahn, and 
Wildman, 945 


Ribonucleo-. See Ribonucleoprotein 
Synthesis, in vitro, reticulocytes, rab- 
bit, effect, Borsook, Fischer, and 
Keighley, 1059 


INDEX 


Purine(s): Biosynthesis, Flaks, Erwin, 


and Buchanan, 603 
—, Warren and Buchanan, 613 
—, Warren, Flaks, and Buchanan, 

627 
Metabolism, Gordon, Intrieri, and 

Brown, 641 
6-Succinoamino-. See Succinoamino- 

purine 


Pyridine nucleotide(s): Oxidation, cou- 
pled to phosphorylation, Joshi, New- 
burgh, and Cheldelin, 771 

Pyridoxine: Dietary, 5-hydroxytrypto- 
phan decarboxylase activity, kidney, 
relation, Buzard and Nytch, 409 

Pyrithiamine: See Thiamine analogue 

Pyrocatechase: Oxygenases, Hayaishi, 
Katagiri, and Rothberg, 905 

Pyruvic acid: Ferricyanide-linked, oxi- 
dation, Hager, 251 

Fluoro-. See Fluoropyruvie acid 


Radioactivity: Protein fractions of ho- 
mogenate, hen oviduct, use in, 
Hendler, 553 

Radiochemical purity: Countercurrent 
distribution, use in study, Baggett 


and Engel, 443 
Relaxin: Preparation, Frieden and Lay- 
man, 569 


Reticulocyte(s): Rabbit, synthesis, pro- 
tein, in vitro, Borsook, Fischer, and 


Keighley, 1059 
Rhodopsin: Amino acids, terminal, Al- 
brecht, 477 


Ribonucleic acid: Pentose, tissues and 
tumors, lymphatic, relation, Ait, 
Klein, and Graham, 853 

Ribonucleoprotein: Particles, intact and 
disrupted, amino acid incorporation, 


Webster, 535 
Ribose: Synthesis, Hiatt, 725 
Ryegrass: Nucleases, Shuster, 289 

S 
Serine: Amino acids, other, Westley, 

Wren, and Mitchell, 131 
Serotonin: Action, oxidase, monoamine, 

effect, Weissbach, Redfield, and 

Udenfriend, 953 


St 
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Weiss 


SUBJECTS 


Skin: Sterols, acetate, incorporation, 
Brooks and Baumann, 329 
Sperm: Salmon (Oncorhynchus tscha- 
wytscha), protamine, properties of, 
Callanan, Carroll, and Mitchell, 
279 
Spleen: Beef, phosphoamidase, proper- 
ties, Singer and Fruton, 111 
Squalene: Precursors, Dituri, Rabino- 
witz, Hullin, and Gurin, 825 
Steroids(s): Carbon 14-, binding and 
distribution, intravenous, in plasma, 
human, Antoniades, Pennell, Slaun- 
white, and Sandberg, 1071 
Congenital adrenal hyperplasia, isola- 
tion studies, Fukushima and Gal- 
lagher, 85 
Excretion, urinary, after adrenalec- 
tomy, Lombardo and Hudson, 181 
Sterol(s): Skin, acetate, incorporation, 
Brooks and Baumann, 
Succinate: Conversion, enzymatic, to 
propionate, Flavin and Ochoa, 965 
Formation, Beck, Flavin, and Ochoa, 


997 
Glycine, cycle, Nemeth, Russell, and 
Shemin, 415 


Succinic dehydrogenase: Heart, beef, 
iron, valency, relation, Massey, 

763 

—, —, reactivity, with electron car- 

riers, Massey and Singer, 755 

Studies, enzyme, beef heart, activa- 


tion, Kearney, 363 
Succinimide: N-Bromo-. See Bromo- 
succinimide 


Succinoaminopurine: 6-, identification, 
as human urinary’ constituent, 
Weissmann and Gutman, 239 

Sulfate: Active, isolation and identifica- 
tion, Robbins and Lipmann, 837 

Transfer, with 3’,5’-diphosphoadeno- 
sine, Gregory and Lipmann, 1081 


T 


Tetrahydrocortisone: Carbonyl, reduc- 
tion, by homogenates, kidney, de 
Courcy, 935 

Thiamine analogue(s): Administration, 
effect, on metabolism, erythrocyte, 
Wolfe, 801 
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Thymidylic acid: Bacteriophage, uridine, 
as precursor, Amos and Magasanik, 
653 


Thyrotropin: Hormone, separation, from 

pepsin inhibitor, Carsten and Pierce, 

61 

Thyroxine: L-, respiration, yeast, as 
stimulant, Gutenstein and Marz, 


599 

Tissue(s): Animal, propionic acid, 
metabolism, Beck, Flavin, and Ochoa, 

997 


Human, phenylacetylglutamine, syn- 
thesis, Moldave and Meister, 
463 
Lymphatic, Kit, Klein, and Graham, 
853 
Tobacco: Leaf, synthesis and decay, 
Dorner, Kahn, and Wildman, 
945 
Transformylase: 2-Amino-N-ribosylacet- 
amide 5’-phosphate, Warren and Bu- 
chanan, 613 
5-Amino-1-ribosyl-4 -imidazolecarbox- 
amide 5-phosphate, Flaks, Erwin, 
and Buchanan, 603 
Transformylation reaction(s): Enzy- 
matic, integration, Warren, Flaks, 
and Buchanan, 627 
Triphosphopyridine nucleotide: Re- 
duced, oxidation, and phosphoryla- 
tion, Vignais and Vignais, 265 
Trypsin: Activities, esterolytic, MecDon- 
ald and Balls, 69 
Oxidation, pyruvic acid, activation of, 
Hager, 251 
Trypsinogen: Activation, autocatalytic, 
Pechére and Neurath, 389 
Tryptophan: Kynurenine, enzymatic, 
formation, Hayaishi, Rothberg, Mehl- 
er, and Saito, S89 


U 


Urea: O-Methyliso-. 
urea 
Uridine: Precursor, bacteriophage thy- 
midylic acid, Amos and Magasanik, 
653 
Urine: Excretion, steroid, after adrenal- 
ectomy, Lombardo and Hudson, 
181 


See O-Methyliso- 
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Urine—continued: 


Human, 6-succinoaminopurire and 
8-hydroxy-7-methylguanine, —iden- 
tity, Weissmann and Gutman, 

239 


Metabolites, caffeic and chlorogenic 
acids, Booth, Emerson, Jones, and 
DeEds, 51 


Vv 


Valine: Biosynthesis, Willson and Adel- 
berg, 1011 


INDEX 


Valine—continued: 
Metabolism, Aupiecki and Coon, 
1a 


xX 


Xylitol: Glycogen, conversion tn vivo, vig 
pentose phosphate pathway, McCors 
mick and Touster, 5 


Y 


Yeast: Respiration, L-thyroxine, as stim. 
ulant, Gutenstein and Marz, 500 


1 
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